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Acidithiobacillus ferrooxidans is an important industrial organism used in the mining industry 
where it participates in passive bioleaching processes used to produce about 20% of the world’s 
copper supply. The bacterium thrives in strong mineral acids at ambient temperatures and derives 
metabolic energy from the oxidation of ferrous iron, sulfur, and reduced inorganic sulfide 
compounds to fix CO2 and N2. This unique metabolism provides new opportunities to engineer 
this organism for the production of fuels and chemicals from CO2. While A. ferrooxidans has been 
studied extensively for 60 years, the tools and methods necessary for a robust genetic system to 
manipulate and further study this bacterium are not well developed and published techniques are 
generally difficult to reproduce. This research focuses on developing the means to genetically 
modify this species to experimentally study its physiology and engineer the organism for the 
production of chemicals from CO2. This includes developing a robust and reproducible system to 
generate and select mutant strains, heterologous expression of exogenous genes, characterizing 
endogenous inducible promoters, and developing new plasmids to expand the repertoire of tools 
available for this organism.  
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A. ferrooxidans as a model system for biosynthesis of fuels and chemicals  
One general trend in human society is that cycles of innovation and technical progress 
lead to increased resource intensity and energy utilization. Not only does this incessant 
development put further strain on the finite resources of Earth, but in general societal resource 
consumption is a one-way process producing copious wastes. These wastes, including 
greenhouse gas emissions, such as CO2, are increasingly straining the environment. This dual 
effect of resource and environmental strain has led to the search for sustainable technologies that 
can augment or replace existing approaches either reducing wastes, increasing efficiency, or 
generating new sustainable resource cycles. Industrial biotechnology including biofuels and bio-
based chemicals, materials, and processes, promises to play a role in the development of a more 
sustainable society.  
In the last two decades, increased interest and concern over rising energy prices, 
dependence on fossil fuels, and increasing awareness of the negative consequences of CO2 
emissions and climate change has spurred investment and innovation in the development of bio-
based alternatives to fossil fuels (1, 2).  The fundamental goal of this renewed interest is to 
develop economical and sustainable solutions that reduce environmental impact of modern 
society. Industrial biotechnology has the potential to create value, reduce wastes, utilize 
alternative energy sources, reduce greenhouse gases, and provide economic routes to the 
important chemicals currently produced from fossil fuels. The grand challenge is the production 
of chemicals and fuels from CO2 and renewable energy resources. The majority of industrial 
biotechnology utilizes agricultural products and organic wastes (1). The conventional method is 
utilizing heterotrophic fermentations to convert sugars derived from agriculture into reduced 
carbon products. An alternative approach is to develop photoautotrophic organisms, such as 
	 3	
algae, that are able to produce fuels and chemicals directly from CO2 and sunlight (3-7). These 
approaches ultimately utilize photosynthesis, during which solar energy is converted to the 
reducing power necessary to convert CO2 into reduced carbon-carbon bonds found in biofuels 
and chemicals through the Calvin-Benson-Bassham (CBB) cycle, a process that is less than 1% 
efficient from solar radiation to final chemical product (2, 8, 9). Under ideal conditions 
photosynthetic organisms can capture 4.5-6% of solar energy in the form of chemical bonds (8). 
For industrial biotech processes relying on agricultural feedstocks, the efficiency is even lower. 
It has been estimated that photon-to-fuel efficiencies of a US for corn-to-ethanol processes is 
approximately 0.18% and a value of 0.20% has been estimated for Brazilian sugar-to-ethanol 
processes (2).  While photosynthesis is plentiful and operationally facile it competes with 
agricultural resources of land, water, and nutrients. While the major thrust of 2nd generation 
biofuels, bio-based chemicals, and biorefineries is the increased utilization of the biomass and 
minimal waste (1), the scalability and sustainability of these processes could be greatly enhanced 
by developing alternatives routes that do not solely rely on agricultural resources and can achieve 
greater energy conversion efficiencies than photosynthesis (2). Therefore, there has been 
increasing interest in developing non-photosynthetic methods to produce biofuels and bio-based 
chemicals and materials (10-15).  
While photosynthetic organisms utilize solar radiation, chemolithoautotrophs oxidize 
inorganic materials for energy to fix CO2. These organisms can extract metabolic energy from 
energy-rich (i.e. reduced) species including H2, reduced inorganic sulfur compounds (RISCs) 
such as H2S and metal sulfide minerals, ammonia, and metals. Many chemolithoautotrophs also 
fix CO2 by alternative pathways that can be more efficient than the classic CBB cycle (2, 16-18). 
In some systems, the inorganic materials can be reduced using electricity obtained from 
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renewable sources such as wind turbines or solar panels, and some chemolithoautotrophs can 
accept electrons directly from an electrode, permitting electrical energy to drive CO2-consuming 
synthesis of useful chemicals and fuels in a biofilm (19, 20).  Chemolithotrophic organisms, such 
as Ralstonia (H2), Acidithiobacillus (RISCs, Fe(II)), Nitrosomas (NH3), and Shewanella  and 
Geobacter (electrical current), could provide an efficient basis for the production of fuels and 
chemicals using alternative and renewable energy sources (2).   
 The unique metabolism of A. ferrooxidans makes it an attractive model organism for 
development for the biosynthesis of fuels and chemicals. Specifically, A. ferrooxidans directly 
utilizes CO2 as a carbon source providing a route to carbon-neutral fuels. The use of inorganic 
substrates for energy by A. ferrooxidans provides interesting new routes to energy utilization. 
For instance, the iron oxidation system may allow the conversion of renewable electricity to 
metabolic energy through the simple and efficient electrochemical reduction of Fe(III) to Fe(II), 
recycling the Fe(II) for use by A. ferrooxidans. Alternatively, sulfur/RISC metabolism could 
permit the development of new energy sources in the form of sulfide minerals. Currently, 
millions of tons of sulfide mineral wastes are produced and landfilled by the mining industry 
each year and using A. ferrooxidans these wastes could be directed to the production of fuels and 
chemicals. To achieve these ends, a thorough understanding of A. ferrooxidans physiology is 
necessary as well are the genetic tools to manipulate, study, and engineer the species.  
 
Acidithiobacillus ferrooxidans is an important model organism 
 Extremophiles are microorganisms that thrive in unusual environments otherwise 
uninhabitable by more typical life, including the high temperatures of volcanic sea vents (≥100 
˚C) and the lows of the arctic (≤ –15 ˚C), the high salt concentrations of evaporation ponds and 
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salt flats (up to 5 M), the intense pressures within the Earth’s crust and the deepest regions of the 
ocean (≥100 MPa), and the severe desiccation of the Sahara and Atacama Deserts, as well as 
high radiation, high pH (≥ pH 10), strongly acidic conditions (≤ pH 2), and even the vacuum of 
space. These organisms are fascinating in their own right as they excel in places once thought to 
be impossible for life. Studying these microbes helps deepen and expand our understanding of 
biology, as well as evolution. Several extremophilic species are thought to inhabit niches that 
may be representative of early life, the study of which may provide insights into how organisms 
survived 4.5 billion years ago. Extremophiles have also become an important potential source of 
therapeutics for medicine and enzymes for industrial processes. Most commonly, the enzymes 
used in everyday PCR techniques are derived from thermophilic organisms such as Thermus 
aquaticus, the original source of the common Taq polymerase, and Pyrococcus furiosus, whose 
DNA polymerase is the basis for many high temperature, proofreading DNA polymerases in 
routine use today.  
 One of the more common and well-studied extremophilic microorganisms is 
Acidithiobacillus ferrooxidans. First identified in the acid mine drainage of bituminous coal 
mines in 1947 (21), A. ferrooxidans is one of most commonly studied non-clinical bacteria (22). 
It is a gram-negative bacterium that thrives at moderate temperatures (30 ˚C optimum) and acidic 
pH (pH 2 optimum), and has a diverse metabolism directly utilizing CO2 and N2 and deriving 
metabolic energy from the oxidation of inorganic substrates (23). It is commonly found in acidic 
mine waters around the world and is an important industrial microorganism comprising over 
30% of the biomass in a consortia of bacteria that participate in the passive bioleaching of low-
grade copper ores, one of the largest bioprocesses in commercial use and which generates about 
20% of global copper supply (24). The unique metabolism and acidophilic growth make A. 
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ferrooxidans an interesting model organism for primordial life in the acidic oceans on Earth 
before the Great Oxidation Event (approximately 2.4 billion years ago) (25). Studies into the 
physiology of this species have provided insights into the evolution of early microbial life and 
iron and sulfur systems within cells, life at low pH, microbial communities, and improvements to 
mining processes.  
 
Bioenergetics of iron oxidation by A. ferrooxidans 
 Cellular metabolism requires free energy in the form of ATP and redox potential in the 
form of reducing equivalents (NAD(P)H). A. ferrooxidans can utilize the acidic environment and 
the oxidation of ferrous iron in the presence of oxygen to generate both forms.  While A. 
ferrooxidans grows in an acidic environment (pH 1.5-3.5), it maintains a circumneutral internal 
pH (approximately pH 6.5) establishing a strong proton motive force across the membrane 
measured as +256 mV at pH 2 equivalent to 25 kJ/mol, and powers proton translocation across 
the membrane (26-29). This proton motive force is used to generate ATP through a classic F1Fo-
ATP synthase, as well as to energize cell motility and membrane transport (23, 28-30). Iron 
oxidation coupled to reverse electron transport again powered by the strong proton motive force 
results in the production of reducing equivalents for cellular metabolism (31, 32). These 
processes would acidify the cellular interior if not for iron oxidation. Oxidation of ferrous iron 
(Fe2+ or Fe(II)) to ferric (Fe3+ or Fe(III)) ultimately provides the energy to a aa3-type terminal 
oxidase to reduce molecular oxygen to water thus neutralizing the influx of protons (Table 1) 
(28). The mechanism and proteins responsible for iron oxidation are depicted in Figure 1-2A. 
The iron-cytochrome c oxidoreductase (cyc2) was first identified and isolated in 1963 
(33), and biochemical and electrochemical studies suggested that it was likely the initial 
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oxidation event in electron transfer from Fe(II) to molecular oxygen (34-37),  but it was not until 
recently it found that cyc2 was actually an extracellular protein and the only component of the 
iron-dependent electron transport to be associated with the outer membrane (38, 39) confirming 
its role as the primary point of Fe(II) oxidation in A. ferrooxidans. Soluble Fe(II) ions are bound 
and oxidized to Fe(III) by cyc2 and subsequently transferred to rusticyanin (23, 32, 39). 
Rusticyanin is a type-I blue-copper protein located in the periplasmic space (35, 36). It is one of 
the more highly studied proteins due to its high expression, pH stability, and strong redox 
potential, and was, at times, hypothesized to be the initial oxidation event for Fe(II), until studies 
on the cyc2 confirmed its role as the primary iron oxidant (36, 40). In addition to receiving 
electrons from iron-cytochrome c oxidoreductase, rusticyanin interacts with two lower potential 
a c4-type cytochromes c, cyc1 and cycA1 (23, 30, 32, 39). Studying the genetic structure of the 
operons encoding the proteins in iron oxidation clearly showed that rusticyanin represents a 
branch point in electron transport. Cyc1 is part of the same operon as cyc2, rusticyanin, and the 
terminal cytochrome aa3 oxidase  (40, 41). This evidence together with the redox potential of 
cyc1 strongly suggested its role in transferring electrons from rusticyanin to the terminal oxidase 
(37, 40, 42). The other cytochrome c, cycA1, is associated with an operon containing genes 
encoding a cytochrome bc1 complex (43, 44). Biochemical evidence demonstrated that electrons 
entering the bc1 complex flow to a quinone pool to a NAD(P) oxidoreductase,  suggesting that 
cycA1 receives electrons from rusticyanin to transfer them to reducing equivalents (31, 45).  
The cumulative evidence from genetic and biochemical studies led to a model, where 
cyc2 extracellularly oxidizes Fe(II) to Fe(III) and transfers electrons to the periplasmic 
rusticyanin. After transfer to rusticyanin electrons derived from iron oxidation enter one of two 
pathways, the “uphill pathway” to reducing equivalents or the “downhill pathway” to oxygen 
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reduction (30). These monikers reflect the endpoint redox potential of each pathway (Figure 1-
2B). With a redox potential of –0.35 mV, coupling iron oxidation to oxygen reduction to water is 
a spontaneous (downhill) process releasing –37 kJ/mol Fe(II) oxidized of free energy. From 
rusticyanin, electrons are transferred to cyc1 and then to a canonical aa3-type terminal oxidase 
that forms water from protons and molecular oxygen. This spontaneous downhill pathway driven 
by the requirement to maintain a circumneutral pH is one of major energy consuming processes 
of A. ferrooxidans metabolism (29).  Conversely, coupling Fe(II) oxidation to the generation of 
reducing equivalents is an energy intensive (uphill) process. The redox potential necessary to 
generate NAD(P)H is –0.32 mV requiring an additional +106 kJ/mol Fe(II) oxidized. After 
transfer of electrons from rusticyanin to cycA1 this additional energy is obtained through reverse 
electron transport during which proton translocation into the cell drives electrons up the energy 
gradient through a bc1-type complex, a quinone pool, and finally a NAD(P)H dehydrogenase, in 
a process that runs in reverse of the electron transport found in typical heterotrophic respiration 
(31). These additional protons require neutralization through the downhill pathway significantly 
raising the energetic cost of reducing equivalents. In terms of energy balance, the translocation of 
protons through the ATP synthase is the major driving force behind ATP formation. The free 
energy of formation for ATP is approximately +50 kJ/mol with a range of 37-66 kJ/mol (28, 46). 
This means that at least 2 mol proton/mol ATP and thus 2 mol Fe(II)/mol ATP are required. On 
the other hand, to generate reducing equivalents, two Fe(II) ions are required to provide electrons 
directly to NAD(P)+ and then at least four more Fe(II) ions are required to neutralize the four 
proton translocations necessary to raise the low energy iron electrons to the energy level of 
NAD(P)H giving a minimum of 8 mol Fe(II)/mol NAD(P)H. A. ferrooxidans fixes carbon 
through the classical Calvin-Benson-Bassham reductive pentose phosphate cycle. This cycle 
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requires 3 ATP and 2 NAD(P)H to CO2 fixed bringing the total iron requirement to 22 mol 
Fe(II)/mol CO2 fixed (28). This summarized in Table 1-2.  
 
Sulfur and RISC oxidation by A. ferrooxidans 
 Sulfur and RISC oxidation is much more complicated than iron metabolism in A. 
ferrooxidans. While much has been done to elucidate the pathways and proteins involved, the 
exact mechanism is yet to be resolved (Figure 1-3A) (23, 47). Sulfur/RISC metabolism is 
complicated by the fact that multiple sources of various forms exist such as metal sulfide 
minerals like pyrite (FeS2), thiosulfate, tetrathionite, sulfite, hydrogen sulfide, and elemental 
sulfur; they can be soluble and insoluble, and A. ferrooxidans metabolism of sulfur/RISCs 
proceeds through many intermediates regardless of the initial substrate (Figure 1-3B). While the 
mechanism is unclear, it operates under the same basic principles as iron oxidation, that is an 
inorganic substrate is oxidized and high energy electrons shuttled into an electron transport chain 
that leads to reducing equivalents and neutralizes incoming protons. It is also possible to 
calculate the potential bioenergetic impact of sulfur oxidation on cellular metabolism (Table 1-3) 
(22, 48). From these free energy changes of sulfur and sulfides, it is evident that sulfur 
metabolism is a rich energy source for cellular metabolism.  
 In its natural environment, A. ferrooxidans is exposed to metal sulfide (MS) minerals of 
iron, silver, zinc, copper, mercury, arsenic, gold, and many others. Common examples include 
pyrite (FeS2), pyrrhotite (Fe7S8), zinc sulfide (ZnS), chalcocite (Cu2S), and chalcopyrite 
(CuFeS2). A. ferrooxidans forms biofilms on the surface of these minerals and the combined 
action of inorganic chemistry and bacterial metabolism facilitates the liberation of high energy 
sulfur/RISC compounds (Table 1-4) (22, 24, 49-52). Ferric iron oxidizes the sulfide mineral 
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liberating Fe(II) and certain sulfur species that depend on the specific metal sulfide. A. 
ferrooxidans then oxidizes the Fe(II) and sulfur compounds. By oxidizing the iron back to 
Fe(III), this allows the process to continue and facilitate the dissolution of the metal sulfide 
mineral. It is in this way, that A. ferrooxidans can grow on the oxidization of sulfide minerals 
(Figure 1-4), and contributes to the bioleaching of metal sulfide minerals such as copper.    
 
General metabolism of A. ferrooxidans 
Even though A. ferrooxidans is an acidophile, and distantly related to commonly studied 
bacteria like E. coli, it shares much of the same metabolic features found in many prokaryotes. A. 
ferrooxidans utilizes the energy extracted from the oxidation of inorganic substrates for the 
production of carbon backbones using canonical pathways found in many organisms (Figure 1-
5). A. ferrooxidans reduces CO2 through the canonical CBB cycle (53). It contains many of the 
same key enzymes for the pentose phosphate pathway providing a route from the CBB cycle or 
glucose to pyruvate (53, 54). While A. ferrooxidans is enzymatically capable of glycolysis, 
exposure to glucose in the media inhibits CO2 fixation, O2 consumption, and oxidation of iron or 
sulfur (55), implying that this species is an obligate autotroph. This is supported by the existence 
of an incomplete tricarboxylic acid cycle. Like cyanobacteria and many obligate autotrophs, A. 
ferrooxidans lacks the a-ketoglutarate dehydrogenase necessary to complete the cycle (56). 
Recently, the genome of A. ferrooxidans has been fully sequenced and published (23). With the 
sequencing of the genome, bioinformatics analysis was able to identify many of the genes and 
pathways of metabolism, and confirmed the central findings of the earlier biochemical studies. 
Importantly, genetic analysis confirmed that A. ferrooxidans can both produce and utilize 
glycogen, providing the first evidence for a robust carbohydrate metabolism (23), even though 
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extracellular glucose was found to be inhibitory. Even with the published genome, much of 
metabolism remains unknown or contains holes in the pathways. However, enough information 
was gleamed from the genome to permit the construction of metabolic models of A. ferrooxidans 
metabolism and initial calculations of the flow of energy and carbon through a minimal 
metabolic network (57). Microarray analyses demonstrated that the regulation of this energy and 
carbon flow is highly sensitive to whether A. ferrooxidans is grown on Fe(II) or sulfur (58). 
Under sulfur conditions, the genes and pathways towards glycogen storage are upregulated and a 
greater diversity of carbon backbones are generated during carbon fixation with increases in the 
enzymes related to the pentose phosphate pathway. Under iron conditions, the genes related to 
glucose are still generated, but there is less representation for the steps towards glycogen. During 
carbon fixation under iron, the shorter xyulose-5P shunt of the CBB is upregulated. This suggests 
that A. ferrooxidans has tight control over CO2 fixation and central carbon metabolism. Indeed, 
A. ferrooxidans contains four separate operons coding for various forms of RuBisCO, the 
enzyme that actually catalyzes the fixation of CO2, a carboxysome, and various accessory 
proteins (59). Interestingly, A. ferrooxidans contains multiple dissimilar forms of RuBisCO and 
RuBisCO chaperone proteins, an unusual feature in prokaryotes, confirming the concept of 
extensive regulation and suggesting post-translational modifications as well as the ability to 
express various forms of RuBisCO depending on metabolic needs and nutrient availability. In 
addition to RuBisCO, A. ferrooxidans contains copies of carbonic anhydrase, so it may utilize 
carbonate as well as CO2. With bioinformatics techniques, the promoter for RuBisCO and its 
regulator have been identified, and a detailed examination of the operon structures and genes 
suggest many layers of feedback control of carbon fixation (60). Much of the metabolism and its 
regulation in A. ferrooxidans are still unclear and the lack of a good genetic system for the 
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construction and evaluation of mutants has limited the means to elucidate these pathways. 
However, the insight gained from bioinformatics and transcriptomics analyses has been 
invaluable in deepening our understanding.  
 
Development of a genetic system for and genetic modification in A. ferrooxidans 
 Although A. ferrooxidans physiology and metabolism were extensively studied following 
its initial isolation and characterization, efforts at developing competent cells were unsuccessful 
(61). Interestingly, several plasmids have been identified in various strains of A. ferrooxidans 
(61-63), and these demonstrated competence for mobilization between E. coli  suggesting that A. 
ferrooxidans is competent for conjugation (64, 65). Early attempts to transfer broad host range 
IncP type plasmids from E. coli to A. ferrooxidans failed. Encouragingly, mobilizable IncP and 
IncW plasmids were successfully transferred to other related species, and a two-step process was 
attempted where IncP plasmids were transferred first to these bacteria under heterotrophic, 
circumneutral pH conditions, and then subsequently transferred to A. ferrooxidans under acidic, 
inorganic conditions (61). This process was ultimately unsuccessful. However, IncP plamsids 
were successfully transferred to A. thiooxidans when 0.05% (w/v) yeast extract was 
supplemented to the plate media using the filter mating technique with E. coli at pH 4.8 (66). 
This led to the development of a conjugation protocol using a similar protocol and a media 
composition, 2:2 medium, for A. ferrooxidans  (67, 68). Using this method, the self-mobilizable 
IncP plasmids were successfully transferred to A. ferrooxidans, despite the marked differences in 
growth characteristics. Importantly, this work was the first demonstration of the effectiveness of 
kanamycin as a suitable selection marker for A. ferrooxidans transconjugants establishing the 
most basic requirements of a workable genetic system – a method to transfer DNA to recipient 
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cells and a means to select for desired clones. While the transfer efficiency was low, generally 
around 10-7, recovered plasmid DNA did not show any hallmarks of rearrangement. One 
potential reason for this low efficiency is that replication of IncP plasmids is not very efficient. 
Indeed, all plasmids isolated from A. ferrooxidans belong to the IncQ family of plasmids. The 
broad host range IncQ plasmid pJRD215 (69) is a mobilizable plasmid, but lacks the necessary 
tra genes that form the essential conjugation machinery and thus requires a helper plasmid, such 
as RP4. pJRD215 carrying kanamycin and streptomycin selective markers was transferred to A. 
ferrooxidans using identical methods and an E. coli strain carrying an integrated version of the 
tra genes of the common IncP-type RP4 plasmid. pJRD215 was transferred to A. ferrooxidans at 
an apparent efficiency of 10-5 to 10-6 when selecting for either kanamycin or streptomycin. 
Furthermore, pJRD215 showed remarkable stability with A. ferrooxidans in the absence of 
selective pressure. The physiological states of both the donor and recipient cells as well as the 
mating time were shown to be important factors in conjugation efficiency. This work was 
followed by a demonstration of the use of pJRD215 to generate plasmids carrying arsenic 
resistance genes and the generation of arsenic resistant strains of A. ferrooxidans (70). Building 
on this initial success, subsequent work improved the composition of 2:2 media and led to further 
the characterization of the efficiency and stability of IncP, IncQ, and IncW broad host range 
plasmids (71). Of the plasmids tested with the improved media, only the IncQ plasmid pJRD215 
showed robust efficacy with a conjugation efficiency averaging about 10-4 and about 80% 
stability over 40 generations in the absence of antibiotic pressure. IncP-type plasmids were 
rapidly lost within in 20 generations and the IncW plasmid persisted for 40 generations, but even 
at 10 generations had been lost from about 50% of the population, and both IncP and IncW 
plasmids demonstrated a lower conjugation efficiency of 10-6, which could in part be a result of 
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the lower stability in A. ferrooxidans hosts. In all, this confirms that IncQ plasmids like pJRD215 
are most suited for working in A. ferrooxidans, and the suitability of 2:2 medium with the 
aminoglycosides kanamycin and streptomycin as a selective medium for the isolation of A. 
ferrooxidans transconjugants.  
 Up to this point, this work was developmental and beyond the expression of arsenic, 
mercury, and antibiotic resistance genes, no functional work had been attempted in A. 
ferrooxidans. While transposon mutants of A. ferrooxidans were generated, no attempt was made 
to characterize any of these mutants (68). The first functional genetic modification was the 
generation of a recA mutant of A. ferrooxidans by marker exchange (72). A pUC19-based 
suicide plasmid was constructed using the mobilization genes of the IncP plasmid RP4 and 
carrying the recA locus of A. ferrooxidans interrupted by a kanamycin resistance cassette. This 
plasmid was capable of conjugal transfer to A. ferrooxidans and replication in E. coli, but not A. 
ferrooxidans. The efficiency of this first chromosomal insertion was very low and of two 
attempted transfers only five clones grew, but all of these carried the desired mutation as 
confirmed by Southern hybridization and exhibited the typical phenotypes of slower cellular 
growth and increased sensitivity to UV radiation. With the difficulty, low reproducibility, and 
low success rate of the existing DNA transfer methods for A. ferrooxidans, much of the research 
focused on other methods to explore cellular physiology. The next functional demonstration was 
the overexpression of the endogenous rusticyanin protein in A. ferrooxidans (73). A His-tagged 
copy of the rus gene coding for the rusticyanin protein driven by the tac promoter was cloned 
into pJRD215 and conjugated into A. ferrooxidans using the methods established a decade 
before. The expression of the rus gene was confirmed by Western blot demonstrating the first 
ectopic expression of a gene in A. ferrooxidans and the first use of a non-native promoter. This 
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was also the third independent research group to utilize the conjugation methods for A. 
ferrooxidans and a conjugation efficiency of 10-5 was reported. Using the same approach, the 
essential extracellular cytochrome c necessary for iron oxidation, cyc2, was also overexpressed 
in A. ferrooxidans (74). Both studies demonstrated the potential for gene transfer and expression 
in this species and that overexpression of key iron-oxidizing genes led to increased iron 
oxidation rates. At the beginning of this thesis work and through the publication of our first 
results, other than resistance genes no heterologous DNA was expressed in A. ferrooxidans until 
the recent description of a GusA reporter system to facilitate clonal selection and evaluate the 
effectiveness of multiple exogenous promoters in A. ferrooxidans (75). Clearly, the methods and 
means to transfer plasmids and express genes in A. ferrooxidans have been established. 
However, these methods do still suffer from low efficacy relative to the systems established for 
other bacteria and the long lead times required to isolate and characterize clones, and this has 
limited the effectiveness of these methods and slowed development of mutational and functional 
studies in A. ferrooxidans. Indeed, other than the recA mutant constructed by marker exchange, 
only two studies using homologous recombination to generate site specific mutants by 
markerless exchange have been reported, one characterizing a pfkB deletion mutant (76), and 
another characterizing a tetH deletion mutant (77). Further improvements to the genetic system 
for A. ferrooxidans increasing the efficacy of DNA transfer and reducing the time necessary to 
isolate and characterize mutants are needed to facilitate and speed the study and engineering of 
this species.  
  
IncQ family plasmids are useful tools for establishing genetics systems in atypical 
organisms 
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 Plasmids are self-replicating, extrachromosomal DNA nearly ubiquitous in bacteria 
capable of propagating in and transferring between multiple species (78, 79). While most are 
covalently closed circular double-stranded DNA molecules, plasmids greatly vary in size, 
structure, and copy number (80). Most plasmids are autonomous units, but some have the ability 
to integrate into the chromosome. Importantly, plasmids carry a variety of genetic traits 
including resistance to heavy metals and antibiotics, virulence factors, enzymes, and the 
production of metabolites. Starting in the 1970s, plasmids have become an essential tool for use 
in studying and engineering bacteria. All engineered plasmid vectors contain a replicon 
consisting of the origin of replication and all necessary supporting factors, a selectable marker 
typically specific antibiotic resistance, and a cloning site for the insertion of desired genes.  
All plasmids contain factors necessary for replication, regulating plasmid copy number, 
partitioning between daughter cells, and plasmid maintenance within the cell. Additionally, some 
plasmids also carry genes necessary for the mobilization and transfer of plasmids between cells 
via conjugation (78, 80, 81). Conjugation is a cellular process by which a plasmids utilize a Type 
IV secretion system to build a protein channel between two cells, the pilus, and transfer a single 
strand of the plasmid from the donor cell through the pilus to the recipient cell, whereupon it 
replicates (78, 81-83). Some plasmids are unable to stably coexist with other plasmids within the 
cell. Plasmid incompatibility is the inability of co-resident plasmids to be stably inherited 
without selective pressure. The basis for plasmid incompatibility typically arises from similarity 
in plasmid replication or partition systems where two different types of plasmids compete for a 
critical factor resulting in one type being disadvantaged and eventually lost from the population 
(80). Due to the universality of incompatibility, it has become the most suitable means to classify 
plasmids. Plasmids that are incompatible are assigned to the same incompatibility (Inc) group 
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and thus far almost 40 Inc groups have been identified (80). If two plasmids of the same 
incompatibility group are co-resident within a cell, one of them will be lost.  
 IncQ plasmids are a group of nonself-transmissible plasmids first isolated from a range of 
various gram-negative bacteria (84), typified by the plasmid RSF1010 isolated E. coli (85). IncQ 
plasmids have been isolated from a variety of species and environments, and notably from A. 
ferrooxidans (61-63, 83, 86). IncQ plasmids are low copy maintained at about 10 copies per cell 
(87-89). While not self-transmissible, IncQ-type plasmids carry mobilization genes (mob genes) 
and are readily transferred with the assistance of the transfer machinery provided by other self-
transmissible helper plasmids, such as the IncP plasmid RP4 (83). IncQ plasmids are share a 
common core and have a remarkably broad range of host compatibility, including gram-negative 
and gram-positive bacteria and cyanobacteria (83, 89). Generally, plasmid replication depends on 
a number of host factors such as DNA polymerase, primase, helicase, ligase, etc. IncQ plasmids 
carry genes coding for a host-independent helicase and primase likely contributing this family’s 
broad host range (83, 86, 89). Additionally, replication of IncQ plasmids only requires a simple 
set of host factors including single-stranded DNA binding protein, DNA gyrase, and the g 
subunit of DNA polymerase III (90). The ability of IncQ plasmids to replicate in various hosts 
and their ease of conjugative transfer have made these plasmids an excellent system to use in 
bacteria where established genetic systems do not exist (69, 87, 91). While broad host range, 
IncQ plasmids are limited in size by the strand displacement mechanism used during replication 
to about 15 kilobases (83). The replicon of IncQ plasmids contains three genes, repABC, and an 
oriV (origin of replication) consisting of 3.5 sequences of directed repeats or iterons with 2 base 
spacers (83, 86, 89, 92). Among the family of IncQ plasmids, the repC initiation protein is highly 
homologous and the oriV have similar structure, and it has been shown that the iteron sequences 
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are sufficient to exert incompatibility (86, 89). Interestingly, certain iteron sequences of IncQ 
plasmids are incompatible, while others are only unidirectionally incompatible in that the 
incoming plasmid displaces the resident one, and still others are fully compatible. This has led to 
the sub-classification of the IncQ family, and to the possibility of using two IncQ-type plasmids 
from different subfamilies being co-resident within a cell (86). 
In A. ferrooxidans, pJRD215 is only plasmid used for stable DNA transfer (68, 71, 73, 
74, 77), and pJRD215 been used successfully in other species of the genus (93, 94). While broad 
host range IncP and IncW plasmids were transferable to A. ferrooxidans, they were unstable and 
were quickly lost from the population (68, 71). pJRD215 is a recombinant plasmid generated 
from the canonical IncQ plasmid RSF1010 and contains the kanamycin and streptomycin 
resistance cassettes of the Tn5 transposon (69). Interestingly, three IncQ plasmids have been 
isolated from A. ferrooxidans strains, two of which have been studied in detail, pTF-FC2 and 
pTC-F14 (61-63, 95). All share the same core structure of all IncQ plasmids and have been 
shown to replicate and mobilize to a variety of hosts (86, 89). While RSF1010, and thus 
pJRD215, belong to the IncQ1 subfamily, both pTF-FC2 and pTC-F14 belong to the IncQ2 
subfamily (86), implying that it may be possible either of these plasmids could co-reside with 
pJRD215. Indeed, experiments in E. coli demonstrated that neither incoming pTC-F14 nor pTF-
FC2 was unable displace a resident RSF1010, but that incoming RSF1010 was able to displace 
resident pTC-F14, while pTF-FC2 was unaffected (63), implying that these two IncQ plasmids 
are compatible and able to co-reside.  
 
Goals of the Present Work 
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 While A. ferrooxidans was initially isolated and characterized in 1947 (21), and a base 
media and method for reproducibly growing the cells developed soon after (96), many of the 
other methods and techniques necessary to study these bacteria were slow to be developed. 
While several attempts were made to develop solid media, it was not until about 20 years ago 
that a workable media was developed (67). Around the turn of the century a method for 
conjugating DNA into A. ferrooxidans was described (71). This method, while an important 
breakthrough for this species, was still very inefficient and slow. Little to any development 
followed until the description of overexpression of the A. ferrooxidans rusticyanin protein using 
the tac promoter (73) proving that the basic elements necessary for a workable genetic system in 
this species were established.  
 The simplest description of a genetic system is a method that allows for the controlled 
introduction of foreign DNA into a host, the selection, isolation, and characterization of any 
mutants, and the means to control expression of any desired genetic elements. Essentially, these 
techniques must be relatively efficient, reproducible, and speedy enough to permit routine 
experimental investigation. There is only one plasmid that works in A. ferrooxidans, pJRD215 
(68, 70, 71, 73). Only one class of antibiotics, aminoglycosides, have successfully demonstrated 
the ability to provide selective pressure for identifying mutants, and specifically kanamycin is the 
only antibiotic to show reproducible results with streptomycin reported rarely. No other 
antibiotics or selection regimes exist. There is only one promoter that has been shown to drive 
overexpression, tac. There is no means to control gene expression as the tac promoter is 
constitutive in A. ferrooxidans and the physiology and growth conditions of the species is not 
immediately compatible with the IPTG induction system. A more complete and robust genetic 
system in critical to further study and development of A. ferrooxidans 
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 The central effort of this work is to demonstrate the potential to genetically modify A. 
ferrooxidans and develop robust tools and methods to further the study and development of this 
species.  
 
Aim 1: Express heterologous genes.  
Previously, the only genes expressed in A. ferrooxidans have been those associated with plasmid 
maintenance (68, 70, 71), and the overexpression of the endogenous proteins, rusticyanin, cyc2, 
and tetH (73, 74, 77). In Chapter 2, to begin to develop A. ferrooxidans for the production of 
fuels and chemicals from CO2, first it is necessary to establish the difficult conjugation methods 
described in the literature, and then to express heterologous DNA in A. ferrooxidans. This will be 
accomplished through the use of GFP as a reporter gene and a first demonstration of the ability 
of A. ferrooxidans to express heterologous DNA. Next, to demonstrate the central concept that 
this species presents an opportunity to develop a new platform of bio-based fuels and chemicals, 
genes necessary for the production of isobutyric acid from valine biosynthesis and the production 
of heptadecane from fatty acid synthesis will be introduced.  
 
Aim 2: Develop systems for control of gene expression.  
Currently, only the tac promoter has been used to drive overexpression of a gene in A. 
ferrooxidans (73, 74, 77). Furthermore, due to the strongly acidic and reductive potential of the 
media and the natural abhorrence to organic molecules of this species canonical systems for 
control of gene expression are not compatible with this organism as most available inducing 
systems either rely on the existence of transporters or utilize inducing agents that would be 
unstable under the growth conditions of A. ferrooxidans. In Chapter 3, using recently published 
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microarray data that demonstrates strong differential expression during growth on Fe(II) or sulfur 
(32, 97), GFP promoter reporter probes will be constructed and evaluated using flow cytometry 
to identify and characterize endogenous promoters to lay the foundation for inducible gene 
expression in this species.  
 
Aim 3: Expanded tools and improved methods to facilitate genetic engineering.  
There is currently only one set of genetic tools for this species and these are rather inefficient and 
limit the development of more robust systems in A. ferrooxidans. The conjugation protocol 
reported in the literature requires five days of mating with E. coli donor cells followed by four 
weeks of incubation on selective plates before colonies are isolated, and report low efficiencies 
of conjugal transfer (68, 71). This reality makes the formation, isolation, and preliminary 
characterization of new strains, a difficult and time consuming enterprise. Furthermore, while 
pJRD215 is effective vehicle for DNA transfer and expression in A. ferrooxidans, as an IncQ 
plasmid its size is limited to about 15 kilobases (kb), and the backbone already consists of 8 kb 
(83, 89). As such, only so many genes can be carried by this vector to A. ferrooxidans limiting 
the scope of potential work without other methods like chromosomal integration. Interestingly, 
pTF-FC2 isolated from A. ferrooxidans (95) is an IncQ2-type plasmid and has demonstrated 
compatibility with RSF1010 plasmids (63).  In Chapter 4, an additional plasmid, new media, and 
improved DNA transfer techniques will be characterized to increase the ease, speed, and 







Figure 1-1. A. ferrooxidans has a familiar metabolism. Carbon fixation proceeds by the 
canonical CBB cycle and carbon backbones generated by classic glycolysis/gluconeogenesis 
pathways. Notably, the TCA cycle is incomplete lacking a connection between succinate and 2-















Figure 1-2. Iron oxidation in A. ferrooxidans. A) The macromolecular complex responsible 
for iron oxidation and bio-energy molecules. B) The thermodynamics and proposed pathway of 
electron transport within the macromolecular complex. From iron oxidation, A. ferrooxidans is 
capable of making all necessary bio-energy molecules. Adapted from Valdes et al. 2008 and Bird 







Figure 1-3 Model of sulfur metabolism for A. ferrooxidans. Sulfur metabolism is far more 
complex and less well understood in A. ferrooxidans. However, the general principle is the same. 
Sulfur oxidation liberates high-energy electrons that provide the energy to generate ATP and 









Figure 1-4.	Cartoon of A. ferrooxidans metabolism growing on sulfide minerals. Through the 
use of ferric oxidation of metal suflides, ferrous iron and sulfur species are generated that then 
enter the oxidation pathways described above, and in this way, A. ferrooxidans is able to derive 
metabolic energy from the oxidation of inorganic materials to drive the fixation of CO2 and N2 







































*This chapter is from the article: “Engineering the iron-oxidizing chemolithoautotroph 





Background & Significance 
 A grand challenge in the development of sustainable energy technologies is the production of 
chemicals and fuels from CO2 and renewable energy resources. The majority of current industrial 
biotechnology processes approach this goal by utilizing heterotrophic fermentations to convert sugars 
derived from agriculture into reduced carbon products. An alternative approach is to develop 
photoautotrophic organisms, such as algae, that are able to produce fuels and chemicals directly from CO2 
and sunlight (3-7).  Both cases can be limited by competition with food agriculture, water resources, and 
scalability. 
 Photosynthesis is the dominant method for light harvesting and CO2 fixation, however the 
efficiency of this process is inherently low (8, 9).  It has been estimated that photon-to-fuel efficiencies of 
a US for corn-to-ethanol processes is approximately 0.18% and a value of 0.20% has been estimated for 
Brazilian sugar-to-ethanol processes (2).  Therefore, there has been increasing interested in developing 
non-photosynthetic methods to produce biofuels (10-15). While photosynthetic systems utilize solar 
radiation, chemolithoautotrophs oxidize inorganic materials for energy to fix CO2. The inorganic 
materials can be reduced using electricity obtained from renewable sources such as wind turbines or solar 
panels. In some systems, the chemolithoautotrophs can accept electrons directly from an electrode, 
permitting electrical energy to drive CO2-consuming synthesis of useful chemicals and fuels in a biofilm 
(19).  This direct approach may be limited by scale-up issues and thus indirect approaches (98, 99) with 
soluble redox mediators may be preferred for electron delivery to chemolithoautotrophic organisms.  
 Acidithiobacillus ferrooxidans is an obligate chemolithoautotrophic γ-proteobacterium that 
thrives at ~30OC and low pH (~2) (23). It is an important member of a consortium of bacteria used in 
mining operations, in which it participates in the solubilization of metals like copper from low quality 
pyritic ores (100). A. ferrooxidans derives metabolic energy from the oxidation of Fe2+ to Fe3+ (26, 32) or 
from the oxidation of sulfur species (32). In the presence of oxygen, Fe2+ oxidation neutralizes protons 
crossing the plasma membrane through a classic F1F0-ATP synthase maintaining the circumneutral 
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cytoplasmic pH and the proton gradient used to form ATP (28). Reducing equivalents are produced 
through a reverse electron transport chain in which electrons derived from Fe2+ are driven to a higher 
energy state using the same proton motive force (31). Thus, all metabolic energy for growth can be 
derived from a single catabolic process; iron-oxidation. The majority of metabolic energy is consumed 
through two processes: carbon fixation through the RuBisCO-catalyzed Calvin-Benson-Bassham (CCB) 
cycle and pH homeostasis (29, 30). 
 Since it is an outer-shell charge-transfer process, the electrochemical reduction of Fe3+ to Fe2+ is 
facile, without the need for the relatively inefficient breaking or formation of chemical bonds.  This 
makes the Fe2+/3+ redox couple an attractive candidate for indirect electron transfer between electrical and 
biological systems. Previous reports have demonstrated planktonic growth of A. ferrooxidans on 
electrochemically reduced Fe2+ (101-103).  Therefore, the Fe2+/Fe3+ couple could potentially provide an 
efficient means for utilizing renewable energy to drive bacterial metabolism for the biological reduction 
of CO2 (Figure 2-1).  We have recently explored alternative medium formulations for the production of 
biomass from CO2 in a continuous process (104, 105). Here, we describe the first introduction of 
heterologous biosynthetic pathways into A. ferrooxidans. We report the transformation of cells with two 
different orthogonal pathways that enable the production of either isobutyric acid or heptadecane from 
CO2 using the aerobic oxidation of iron at low pH. This process represents a new “electrofuels” platform 
for the conversion of electricity and CO2 into useful chemicals and fuels.  
 
Results and Discussion 
Genetic transformation of A. ferrooxidans.  
The genetic engineering of A. ferrooxidans requires a reproducible genetic system. There are 
various literature reports of solid media formulations (67, 71, 106, 107) and two potential selection 
markers, with kanamycin being the most represented antibiotic (67, 68, 71, 73). We aimed to improve the 
reproducibility and yield of this process.  Starting with the 2:2 solid media described by Liu et al. (2001), 
the pH of the solid media and the concentration of kanamycin were titrated. An initial plate pH of 5 and 
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150-200 µg/mL of kanamycin (MIC ≈ 125 µg/mL) were necessary to inhibit wild type cell growth.  This 
is in general agreement with other published values while being on the high and low end of their 
respective ranges. This inhibition was only effective up to about 107 cells per 10 cm dish. Above that 
concentration, the rate of iron and thiosulfate oxidation drove the pH of the plate to pH 2.5 in a matter of 
days. Under these conditions, untransformed colonies would form in the presence of kanamycin at 
concentrations up to 300 µg/mL, presumably because the low pH increased the instability of the antibiotic 
in the media. Recently, overexpression of a key endogenous iron-oxidation related protein, rusticyanin, 
was reported (73). The authors cloned the rus gene behind a tac promoter in the broad-host-range 
plasmid, pJRD215 (69). Building upon this result, the expression of super-folder green fluorescent protein  
(sfGFP) (108) also driven by the tac promoter in the pJRD215 vector, was explored to verify selection 
and heterologous expression of an exogenous gene product other than a resistance gene. With selection 
conditions established, optimized conjugation conditions achieved transfer efficiencies of about 10-6 and 
isolated transconjugants expressed sfGFP (Figure 2-2A).  
 
Introduction and expression of biosynthetic pathways in A. ferrooxidans.  
To explore the biosynthetic potential of A. ferrooxidans, two different exogenous metabolic 
pathways for biochemical production were introduced.  Isobutyraldehyde is as attractive chemical target 
due to its low boiling point and high vapor pressure making it potentially easy to strip from bioreactors. 
Isobutyraldehyde can also be chemically or biologically converted to other useful chemicals such as 
isobutanol, an alternative to ethanol in gasoline blends. Previously, the production of isobutyraldehyde in 
the photoautotroph S. elongates was reported (3). This was accomplished via expression of a 2-ketoacid 
decarboxylase (KDC) from L. lactis which is able to convert 2-ketoisovalerate, an intermediate of the 
valine biosynthesis pathway, to isobutyraldehyde (3) (Figure 2-3). To express the KDC enzyme in A. 
ferrooxidans, the sfGFP gene was replaced with a codon-optimized version of the KDC gene behind the 
tac promoter in pJRD215, and transferred to A. ferrooxidans by conjugation. Transconjugants were 
confirmed by PCR and Western blots (Figure 2-2).  
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Production of long-chain alkanes is also attractive as these are important components of 
transportation fuels and are immiscible in water, potentially simplifying their separation. Recently, a 
pathway consisting of an acyl-ACP reductase (AAR) and an aldehyde-deformylating oxygenase (ADO) 
from S. elongates has been shown to convert fatty acyl-ACP intermediates to alkanes (109) (Figure 2-3). 
When expressed in E. coli, this pathway enabled the production of C13-C17 alkanes and alkenes in cell 
extracts and media. The sfGFP gene in the pJRD215 vector was replaced with codon-optimized genes for 
AAR and ADO each driven by separate tac promoters.  Simultaneous expression of both gene products in 
transformed A. ferrooxidans cells was verified (Figure 2-2) 
 
Production of isobutyric acid and heptadecane in batch cultures.  
Batch cultures of the transformed cell lines were initially grown in basal medium (pH 1.6) 
containing 36 mM Fe2+. In cultures expressing the KDC gene (named AF-KDC), medium samples 
assayed by GC/MS (without solvent extraction) were found to contain isobutyric acid, and not 
isobutyraldehyde. Isobutyric acid production could be a result of the activity of endogenous 
dehydrogenase enzymes converting isobutyraldehyde to isobutyric acid or the abiotic oxidation of 
isobutyraldehyde in the media by iron catalysis (110). The stability of isobutyraldehyde was explored in 
the growth medium and the abiotic conversion of isobutyraldehyde to isobutyric acid was observed under 
acidic conditions in the presence of Fe2+ (Figure 2-4) (111). GC/MS analysis of media from AF-KDC 
cultures grown in 36 mM Fe2+ at an initial pH of 1.6 resulted in isobutyric acid production of 0.13 ± 0.03 
mg/L (0.13 ppm) (Figure 2-5A).  
A. ferrooxidans cultures expressing the genes for the AAR and ADO enzymes (named AF-ReDe) 
did not secrete long-chain alkanes into the media as was observed in E. coli (109). However, GC/MS 
analysis of methanol extracted cell lysates demonstrated the presence of heptadecane with a yield of 0.61 
± 0.19 µg/L (Figure 2-4B). Heptadecane was not observed in wild type cells, and no other alkane or 
alkene product was identified in the transformed cells.  This is in contrast to the broad range of products 
identified in E. coli cultures overexpressing the same pair of enzymes.  Heptadecane is the most 
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commonly reported alkane in photoautotrophic bacteria (109, 112). The low level of heptadecane 
production is likely the reason why the hydrophobic material was found only within the cellular debris 
and not in the growth medium.  The production of heptadecane and isobutyraldehyde (isobutyric acid) 
demonstrate the metabolic versatility and potential of A. ferrooxidans for biochemical production. 
 
Improvement of production yields through medium engineering.  
The growth kinetics of wild type A. ferrooxidans have been investigated in continuous cultures 
(104). It was found that increased pH reduced the maintenance energy, raised the maximum growth rate 
and cell yield on iron. However, doubling the concentration of Fe2+ in the media lowered these metrics, 
which is consistent with product inhibition by the oxidized iron (113). Several iron chelators have been 
explored and citrate was found to be the least inhibitory to cell growth and is not consumed by A. 
ferrooxidans. We found that the addition of citrate at near equimolar concentrations recapitulated the 
growth trends as a function of pH, and further improved the catalytic efficiency and cell yield of A. 
ferrooxidans due to a reduction in product inhibition (104). These improvements in the medium 
formulation (increased iron and the addition of citrate) were explored with the engineered strains. The 
production of isobutyric acid increased, and the isobutyric acid yield increased about 7-fold in the best 
case (Figure 2-5A). A similar trend was observed for heptadecane except the best case was found to 
occur at a pH of 1.8 (Figure 2-5B). All three factors (increased pH, increased iron concentration and 
addition of citrate) significantly improved the production of isobutyric acid and heptadecane in batch 
cultures as verified by ANOVA.   
 
Isobutyraldehyde (isobutyric acid) is more readily produced than heptadecane.  
In the best batch culture under optimized conditions, the transformed A. ferrooxidans cells 
produced about 240 times more isobutyraldehyde than heptadecane on a per mole C basis (24 µmol/L of 
reduced carbon for isobutyrate and 0.10 µmol/L of reduced carbon for heptadecane). This difference 
could reflect an internal bias in cellular metabolism, i.e. under the utilized growth conditions there may be 
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a greater cellular demand for amino acid synthesis than fatty acid synthesis. It could also result from the 
greater number of reactions required to produce heptadecane, as the valine pathway that leads to the 
isobutyraldehyde precursor is only a few reactions from pyruvate (and consumes one NADPH) while 
heptadecane requires many more steps removed (requiring six NADPH) and along the way there are 
many possible endpoints for the carbon that is required to make heptadecane. The low relative production 
of heptadecane could reflect the greater demand for carbon fixation for the product; isobutyraldehyde 
production requires the fixation of six CO2 molecules while heptadecane requires 27 CO2 molecules. This 
impacts productivity through the high energy cost of carbon fixation. By one report, each mole of CO2 
that enters the CBB cycle requires the oxidation of 22.4 moles of Fe2+ (28). This translates to 143 moles 
of Fe2+ to just fix the carbon required to make a mole of isobutyraldehyde, and 605 moles of Fe2+ for the 
carbon necessary for the production of heptadecane. Additionally, about one third of the carbon that is 
fixed is released throughout the pathway producing each compound by the action of decarboxylase 
enzymes. The fact that carbon utilization is different in the two cell lines suggests that carbon fixation is 
not limiting production under these conditions.  When combined with the growth media engineering 
results, it is likely that cultures are instead limited by energy uptake as increasing the iron concentration 
led to increases in productivity in both strains. 
In an electrofuels process it may be desired to keep the oxidized iron in a soluble form for 
subsequent electrochemical reduction and this can be achieved using low pH, iron chelators, or low iron 
concentrations supplemented with alternative redox mediators such as vanadium (104, 105). However, 
another approach to reducing ferric iron inhibition is to allow iron precipitation and this approach may be 
useful if the genetically modified A. ferrooxidans cells will be used in applications such as bioleaching 
(100).  Therefore, batch cultures were explored at pH 2.2 with increasing concentrations of Fe2+.  Iron 
precipitation was observed in every case all the way up to 0.5 M Fe2+.  As expected, the production of 
isobutyric acid increased with increasing energy input, but the trend was non-linear (Figure 2-6). For 
example, doubling the initial Fe2+ concentration from 144 to 288 mM caused the isobutyric acid 
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concentration to almost triple (Figure 2-6, Table 2-3).  The highest yield (14 ± 1 mg/mol iron) was 
observed at the highest initial Fe2+ concentration (0.5 M).  
 
Isobutyric acid production in continuous cultures.  
AF-KDC cells were cultivated in continuous chemostat cultures to explore steady-state 
productivities.  Kanamycin was not included during continuous cultures due to its poor stability at low 
pH.  In order to improve productivity of the cultures, the Fe2+ feed concentration was raised to 144 mM 
while citrate concentration was included at 50 mM to reduce ferric iron inhibition (104).  A relatively low 
dilution rate was used (0.02 h-1) and at steady-state (during the third residence time) the bioreactors 
operated at ~90% conversion, with only 14 ± 10 mM ferrous iron in the effluent (Table 2-4).  The reactors 
operated with a cell concentration of 4.5 x 108 cells/mL (OD600 = 0.055) and the effluent from the 
bioreactor contained 0.57 ± 0.35 mg/L isobutyric acid.  This resulted in an isobutyric acid yield per mole 
of iron of 4.4 ± 2.7 mg/mol.  This is a significant reduction from the yield of 12 ± 1 mg/mol iron that was 
observed in the best performing batch cultures.  Ferric inhibition is likely the key contributor to this 
effect, especially since the citrate concentration (50 mM) was approximately one third of the total iron 
concentration (144 mM) and thus at high conversion in the chemostats there is a significant concentration 
of un-chelated ferric iron.   
 
A. ferrooxidans as a platform for biosynthesis.  
In heterotrophs, carbon and energy metabolism are inherently intertwined through glycolysis, i.e. 
the carbon source is also used as an energy source. This has important implications for engineering 
synthetic pathways in these organisms – changes in carbon metabolism that drive product formation from 
a carbon source must be balanced by the demands for sufficient energy production to permit cell growth 
as well as product formation. For example, ATP and NAD(P)H levels are strongly related to product 
formation and yield in Clostridium, and efforts to engineering the ABE fermentation pathway in 
Clostridium underscore the difficult and complex interplay between carbon and energy metabolism and 
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product formation (114, 115).  Many studies have shown that manipulating the electron flow within the 
cell can be an effective way of altering the capacity and productivity of a species.  
Autotrophs may be a more flexible biosynthetic platform for metabolic engineering as compared 
to heterotrophs as energy and carbon utilization are less interdependent. In photoautotrophs, this is 
complicated by the existence of light and dark cycles and photorespiration. However, for 
chemolithoautotrophs like A. ferrooxidans, electrons are supplied through a single catabolic process that 
is fully sufficient to provide both ATP and reducing equivalents (23, 28, 32).  This degree of freedom will 
likely be advantageous, and thus chemolithoautotrophs may represent an underexplored platform for 
bioproduction. 
The observation that the iron oxidation rate per cell and isobutyric acid production rate per cell 
were the same in the continuous reactors with and without the electrochemical recycle suggests that 
something other than ferrous iron availability limits productivity, and ferric inhibition is likely involved.  
In acidophiles, ATP production is facile as the cells are able to exploit the pH gradient across the cellular 
membrane.  But NAD(P)H reduction requires a reverse electron transport chain, and the details of the 
regulation of electron flow between the two processes is still being elucidated.  It seems likely that 
reducing equivalents in A. ferrooxidans cells may be scarce, and thus engineered pathways requiring ATP 
as opposed to NAD(P)H may function more efficiently in this platform.  And, since carbon fixation is an 
extremely energy intensive, heterologous pathways with fewer decarboxylase steps may also improve 
overall productivity.    
The overall efficiency of isobutyric acid formation from the electrons obtained from iron 
oxidation by genetically the modified A. ferrooxidans cells can be determined (Table 2-5).  Based on the 
heats of combustion of isobutyric acid and the Gibbs free energy of the iron redox reaction, we estimate 
that highest producing batch cultures operated at 0.94% electron-utilization efficiency while the 
continuous reactors operated at about a third of this efficiency.  The efficiencies can also be calculated 
based on reaction stoichiometry and estimated energetic requirements of CO2 fixation, and NADH and 
ATP production ((28)).  This resulted in a doubling of the estimated efficiencies.  If we assume a large-
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scale electrochemical reactor operating at 60% efficiency and a photovoltaic panel with an efficiency of 
20 %, this leads to an overall photon-to-fuel efficiency of 0.11%.  Thus, this un-optimized system is 
already within the range of the 0.18% photon-fuel efficiency achieved in the US for corn-to-ethanol 
processes (2).  Through further engineering of the medium and the organism, substantial improvements 




Figure 2-1. Schematic diagram of the electrofuel process. Electrical energy is transferred to 
microbial metabolism via the Fe2+/Fe3+ redox mediator. A. ferrooxidans derives its metabolic 
energy to fix carbon and grow via the oxidization of Fe2+.  Engineered A. ferrooxidans strains 





Figure 2-2. Validation of successful conjugation into A. ferrooxidans. (A) Confocal image A. 
ferrooxidans expressing sfGFP. (B) Agarose gel electrophoresis demonstrating presence of genes in 
transconjugants obtained by PCR.  (C) Analysis of genetically engineered A. ferrooxidans strains by 
western blots. Lane 1, protein molecular weight marker; lane 2, A. ferrooxidans strain expressing KDC; 






Figure 2-3. Schematic of two metabolic pathways incorporated into A. ferrooxidans. The 
bioconversion of CO2 to isobutyraldehyde proceeds via the valine biosynthesis pathway to 2-
ketoisovalerate, which is converted to isobutyraldehyde by KDC, followed by the spontaneous 
oxidation of isobutyraldehyde to isobutyric acid (top). The production of heptadecane utilizes the 
fatty acid synthesis pathway producing octadecanoic acid that is converted to heptadecane 








Figure 2-4. Spontaneous conversion of isobutyraldehyde to isobutyric acid. A sample containing 
0.1g/L isobutyraldehyde dissolved in AFM media was shaken for 5 min at 30 °C and directly injected in 
GC/MS using the method described above. The peak observed at 1.6 min was identified as 
isobutyraldehyde while peak at 6.5 min was identified as isobutyric acid. This demonstrates that 












Figure 2-5. Production of isobutyric acid and heptadecane in batch cultures with media 
improvements.  (A) The final concentrations of isobutyric acid obtained from AF-KDC batch 
experiments, with varying additions to the growth media.  All experiments were performed in 5 
mL cultures. Nine sets of conditions were applied with varying concentrations of Fe2+ and citrate 
as well as pH. Experiments were conducted in triplicate and isobutyric acid concentrations in the 
growth media are reported in average with errors representing standard deviations. (B) The final 
concentration of heptadecane obtained from AF-ReDe batch experiments, with varying additions 
to the growth media.  All experiments were performed in 1 L shake flask cultures and cell pellets 
were extracted with methanol for heptadecane quantification. Nine sets of conditions were 
applied with varying concentrations of Fe2+ and citrate as well as pH. Experiments were 
conducted in triplicate and heptadecane concentrations in the 1 L cultures are reported in average 
with errors representing standard deviations.   
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Table 2-1: Isobutyric acid production in batch cultures with different initial medium 
formulations.  Measurements were made in triplicate, and errors indicate standard deviations.   
 











1 1.6 36 0 0.014±0.002 0.13±0.03 
2 1.8 36 0 0.016±0.001 0.19±0.01 
3 2 36 0 0.018±0.001 0.19±0.02 
4 1.6 72 0 0.034±0.001 0.50±0.02 
5 1.8 72 0 0.036±0.002 0.53±0.02 
6 2 72 0 0.034±0.001 0.58±0.01 
7 1.6 72 70 0.027±0.002 0.62±0.08 
8 1.8 72 70 0.033±0.001 0.74±0.01 
9 2 72 70 0.033±0.002 0.87±0.05 
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Table 2-2: Heptadecane production in batch cultures with different initial medium formulations. 
Measurements were made in triplicate, and errors indicate standard deviations.   
 











1 1.6 36 0 0.026±0.003 0.61±0.19 
2 1.8 36 0 0.026±0.001 0.71±0.09 
3 2 36 0 0.027±0.002 1.0±0.1 
4 1.6 72 0 0.036±0.002 1.4±0.4 
5 1.8 72 0 0.037±0.004 2.0±0.1 
6 2 72 0 0.041±0.008 2.6±0.4 
7 1.6 72 70 0.039±0.003 3.2±0.8 
8 1.8 72 70 0.049±0.001 5.3±1.2 







Figure 2-6. Increased cellular productivity with increasing initial energy density. Production 
of isobutyric acid (mg/L) (●) and yield (g isobutyric acid/mol Fe2+) (∆) in AF-KDC batch 
cultures with an initial pH 2.2 and with varying initial concentrations of Fe2+. At this pH, in the 
absence of a chelator, precipitation was observed at every iron concentration. Experiments were 
conducted in triplicate and reported in average. Error bars represent standard deviation.  Data is 




Table 2-3: Isobutyric acid production in batch cultures at pH 2.2 with different initial Fe2+ 
concentrations.  Precipitation was observed in every culture.  Measurements were made in 










36 0.20±0.01 5.6±0.2 
72 0.53±0.05 7.3±0.7 
144 1.1±0.1 8.0±0.4 
288 3.0±0.5 11±2 





 Steady State Chemostat 
Values 
Steady State pH   1.9 ± 0.2 
Fe2+ oxidized to Fe3+ (mM) 130 ± 10                       
Effluent Fe2+ concentration (mM)   14 ± 10 
Cell density (OD600)   0.055 ± 0.009 
Cell in Reactor (109 cells) 230 ± 40 
Isobutyric acid concentration (mg/L)   0.57 ± 0.35 
Cell yield (109 cells/mol Fe2+) 3500 ± 400 
Isobutyric acid yield (mg/mol Fe2+)   4.4 ± 2.7 
Reactor Productivity (mg/L/hr)   0.011 ± 0.007 
Cell Productivity (ng/109 cells/hr)   25 ± 14 
Iron oxidized per cell (mmol/109 
cell/hr) 
  0.0058 ± 0.0007 
 
Table 2-4.  Isobutyric acid production in a chemostat. Chemostat results with AF-KDC cells 
in a 0.5 L reactor volume with an inlet/outlet flow rate of 10 mL/h.  Steady state values were 
collected after three residence times (6 days).  Experiments were conducted in triplicate and 



















Efficiency 2.0% 0.71% 
 
 
Table 2-5. Efficiency of A. ferrooxidans biochemical production. Comparison of efficiencies 
of electron incorporation from iron oxidation to isobutyric acid in batch and continuous reactors.  
Gibbs free energy efficiencies are calculated by comparing the free energy in and out of the 
system.  The Thermodynamic efficiencies are calculated from the free energy of iron oxidation 
and the heat of combustion of butyric acid.  The theoretical efficiencies are calculated based on 

























*This chapter is from the article “Characterization of endogenous promoters for control of 
recombinant gene expression in Acidithiobacillus ferrooxidans.” Biotechnology and Applied 
Biochemistry. 2016. doi:10.1002/bab.1546 
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Background & Significance 
A. ferrooxidans is an important industrial organism with applications in biomining and 
bioremediation of metals. It is an acidophilic chemolithoautotroph that obtains all metabolic 
energy through the oxidation of ferrous iron or reduced inorganic sulfide compounds and 
minerals (23). In copper biomining applications, this activity leads to the passive dissolution of 
copper ions from copper minerals for subsequent processing into copper metal (100). It is 
estimated that 20% of the world’s copper is processed using the metabolism of these and related 
bacteria. In addition to this important industrial role in metals, the ability to utilize CO2 coupled 
with iron and sulfur/sulfide oxidation makes A. ferrooxidans an attractive organism for the 
development of biotechnology platforms that utilize alternative energy sources.   
We have continuously cultivated A. ferrooxidans on solubilized iron (105) and the iron 
can be continuously regenerated electrochemically, leading to the production of biomass from 
electricity and ambient CO2, and recently transformed A. ferrooxidans with two different 
exogenous recombinant pathways for the production of biochemicals from CO2 (116). Cells were 
transformed either with a plasmid harboring codon optimized genes for 2-keto decarboxylase 
from L. lactis or acyl-ACP reductase and aldehyde deformylating oxygenase from S. elongates, 
and this led to the production of isobutyrate and heptadecane, respectively. While production 
titers were low, using these simple, non-optimized strains we demonstrated metabolic 
efficiencies as high as 2% with potential photo-to-fuel efficiencies of 0.11%, relative to the 
0.18% of industrial corn ethanol (2). Further development of A. ferrooxidans for industrial 
applications has been stymied by a lack of suitable genetic tools to engineer the organism, such 
as the ability to exogenously control gene expression. 
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While methods for transferring DNA to A. ferrooxidans were developed about 20 years 
ago (68, 71), only recently were these methods used for overexpression of heterologous DNA 
(73, 77, 116). A limited number of plasmids have been used and resistance markers are restricted 
to aminoglycosides, e.g. kanamycin, or heavy metal resistance, e.g. arsenic and mercury. Only a 
single promoter (tac) has been used for strong constitutive gene expression. Synthetic biology 
and metabolic engineering in other microbes have been greatly facilitated by the use of 
inducible/repressible promoters such as tet, ara, and lac, among others. Such systems are not 
immediately compatible with the growing conditions and physiology of A. ferrooxidans, 
requiring either the expression of additional genes or the use of unstable or incompatible 
inducing agents. Due to the sparse genetic toolbox, the development and engineering of this 
organism for industrial processes has been constrained to the use of naturally occurring strains, 
and research into the molecular biology and genetics of this organism has been relatively limited. 
Thus, there is a critical need for additional promoter sequences. 
A. ferrooxidans displays classic diauxic growth in the presence of both ferrous iron and 
sulfur (117), and several groups have measured changes in RNA and protein levels in response to 
iron or sulfur substrate availability (32, 44, 58, 97, 118-121). Given the differential and diauxic 
phenotypes, promoters must participate in the transcriptional changes captured in these studies. 
Using sequences identified from recent microarray studies, here we explore putative promoter 
fragments related to energy metabolism that can be used to differentially express a heterologous 
gene in response to the presence of sulfur in the medium providing a basis for exogenous control 
of gene expression.  Starting with published microarray data, we focused on genes directly 
related to sulfur or iron energy metabolism. Using GFP as a reporter and flow cytometry to assay 
expression levels, we identified two promoters that enable controlled GFP expression in iron or 
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sulfur media. While these natural sequences are not optimized for overexpression, they provide a 
basis for developing an endogenous system for control of gene expression in A. ferrooxidans 
where currently such systems do not exist. 
 
Results 
Selection and evaluation of candidate promoters. 
 A whole genome microarray analysis identified a subset of genes related to energy 
metabolism that differentially expressed in iron or sulfur (32). Using the dataset from this 
previous study in conjunction with the assumption that pathways associated with the metabolism 
of either iron or sulfur would be most acutely affected, a set of genes was identified that were 
related to energy metabolism and reported to respond uniquely to either iron or sulfur (Table 3-
1). Using the published sequence of the A. ferrooxidans 23270 genome, the entire region of DNA 
between the gene of interest and the open reading frame immediately upstream was cloned in 
place of the tac promoter in AF-GFP, generating a series of GFP promoter reporter constructs 
(Table 3-2). These were conjugated into A. ferrooxidans and isolated strains were verified by 
PCR and sequencing of recovered plasmids. As a preliminary functional test, promoter activity 
was assayed using a microplate reader. To test for differential activity in response to the presence 
of iron or sulfur in the media, cells were cultured for 12 h in ferrous iron media (AFM3) or sulfur 
media (F3S) containing an equivalent amount of ferric iron to eliminate potential iron ligand-
dependent signaling. This incubation period was chosen to reflect the slower growth of A. 
ferrooxidans, which divides once every 8-10 h during log-phase growth, and to allow sufficient 
time for transcriptional and translational turnover. At the end of 12 h, cultures were harvested, 
washed, and fluorescence measured by a microplate reader.  In the case of the AFM3 cultures, all 
	 57	
Fe(II) was consumed due to high cell densities. Of the nine putative promoters tested, only the 
cycA1 and tusA fragments demonstrated significant differential expression under the conditions 
of the assay (Figure 3-1).  
To validate these preliminary findings, AF-cycA1 and AF-tusA strains were cultured as 
before and then assayed by flow cytometry. The increased sensitivity and simultaneous 
measurement of multiple fluorophores allowed by flow cytometry permitted the use of the 
fluorescent DNA dye SYTO 61 to identify cells from the iron and sulfur particulate, thus greatly 
reducing the background (Figures 3-2 to 3-4). The cycA1 and tusA fragments demonstrated 
differential activity in iron and sulfur media. The cycA1 fragment enabled GFP expression only 
in AFM3 and not in F3S media, while tusA enabled expression of GFP only in F3S and not in 
AFM3 (Figure 3-5); in agreement with the published microarray data. In the “off” state, both 
cycA1 and tusA had median fluorescent intensities (MFIs) slightly higher than the negative 
control AF-rtGFP (350±120 RFU and 400±98 RFU, respectively, versus an average 280±37 
RFU for AF-rtGFP), but these were not found to be statistically significant. Subtracting AF-
rtGFP background and normalizing cycA1 and tusA fluorescence to tac activity in each condition 
shows that while both cycA1 and tusA in the “on” state are weak (reporting 7% and 9% of tac, 
respectively), leaky expression in the “off” state of both promoters is only 0.4% of tac, providing 
fold-changes of 14- and 20-fold, respectively. 
To eliminate the possibility that the measured activity was a transient result over the 
course of the 12 h incubation, both AF-cycA1 and AF-tusA strains were subcultured serially in 
iron or sulfur for three passages cumulatively representing more than 30 generations of cell 
growth. Cells were harvested when cultures reached stationary phase. For iron cultures, this was 
represented by a ferrous concentration less than 10 mM, achieved typically in 2-3 days. For 
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sulfur cultures, stationary phase was assumed when the pH dropped below pH 1.5, typically in 4-
5 days.  At each passage, GFP expression was interrogated by flow cytometry. The differential 
effect of both promoters was maintained over the course of the experiment (Figure 3-6). Taken 
together, these results indicate that sulfur may regulate the activity of the cycA1 and tusA 
promoter fragments, and does so in a sustained fashion, making these fragments potential 
candidates for exogenous control of gene expression. 
 
Sulfur acts a dominant signal.  
To eliminate the effect of iron redox state as a possible contributing factor, the original 
assay was modified to maintain an elevated ferrous iron concentration during the time course of 
the experiment. 100 mL cultures of either AFM3, F2S, or F3S were inoculated with 108 cells 
(10-fold less than before) of AF-cycA1 or AF-tusA strains and incubated for 12 h. At the end of 
the incubation, Fe(II) content was measured and the average iron oxidation for both AFM3 and 
F2S cultures was about 20 mM over 12 h, calculated to give a modest change in redox potential 
(about 36 mV).  The remaining ferrous iron is more than two-fold greater than the apparent 
substrate saturation constant (KS) of A. ferrooxidans for Fe(II), which was measured as 6-33 mM 
Fe(II) depending on growth conditions (104). The cultures were then subjected to flow cytometry 
as before (Figure 3-7). The activity of cycA1 was repressed to a similar extent in both F2S and 
F3S media, and there was no statistically significant difference in fluorescence between F2S 
(290±47 RFU) and F3S (340±35 RFU) conditions for cycA1. Sulfur induced tusA in both 
conditions and there was no statistical difference between F2S (630±76 RFU) and F3S (750±110 
RFU) media. The presence of sulfur dominated the expression activity of both promoters even in 
the presence of high levels of ferrous iron. 
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Dose-response activity of promoters.  
Each strain was grown in AFM3 media and then subcultured in F2S media containing 
different concentrations of sulfur ranging from 1 mg/L to 1,000 mg/L sulfur, inoculated with 108 
cells and incubated for 12 h. After 12 h the average ferrous iron content was 70 mM. Both 
promoters exhibited a dose-dependent response to sulfur, and they did so with different 
sensitivities (Figure 3-8). The IC50 of cycA1 was calculated as 0.56 mM (18 mg/L) sulfur, while 
the EC50 of tusA was 2.5 mM (80 mg/L) sulfur. 
 
Discussion 
A. ferrooxidans is an important industrial organism for the extraction and remediation of 
metals, and also provides a new platform for the production of biochemicals (116). Thus far, the 
tac promoter has been used to drive exogenous gene expression in this species, and to continue 
engineering and developing of this and related extremophiles species there is a critical need for 
additional promoter sequences. Furthermore, pathway engineering and synthetic biology require 
precise control of gene expression provided by promoters that are tightly regulated and have 
large dynamic ranges. Here we have demonstrated the characterization of two native promoter 
elements that provide repression or induction of gene expression in response to the presence of 
sulfur in the growth medium. Starting with published microarray data reporting steady-state 
changes in mRNA levels of A. ferrooxidans in ferrous iron or sulfur media and down-selecting to 
genes related to iron/sulfur metabolism, we generated a series of GFP reporter constructs 
containing potential regulatory elements of iron- and sulfur-responsive genes.  
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After an initial screen, analysis by flow cytometry confirmed differential expression of 
the cycA1 and tusA fragments with cycA1 expressing in ferrous iron media and tusA expressing 
in sulfur media. In the “off” state, both cycA1 and tusA gave median fluorescent intensities 
(MFIs) indistinguishable from the negative control and only 0.4% of the MFI of tac, indicating 
that both promoters are tightly regulated. While the cycA1 and tusA promoters are weak relative 
to tac, they exhibit a relatively robust dynamic range of 14- and 20-fold, respectively, compared 
to the lac  promoter, which has  a  range of expression of 2- to 25-fold (122). The magnitude of 
fluorescence change for both fragments did not necessarily correlate with the reported changes in 
mRNA levels (13- and 5-fold increase of mRNA in the “on” state for cycA1 and tusA, 
respectively) (32). This could be due a number factors as changes in mRNA levels do not 
necessarily linearly translate into changes in protein expression, nor is fluorescence fully linear 
with GFP protein levels. Altogether, the differential on/off activity of these two fragments makes 
them good candidates as inducible/repressible promoters. 
As inducible/repressible systems typically operate by addition of a specific effector 
compound to the medium, we sought to discern how each promoter would respond in the 
presence of both ferrous iron and sulfur. For both cycA1 and tusA, the addition of sulfur induced 
GFP repression and induction, respectively, indicating the level of sulfur induction was 
insensitive to the redox state of iron. These results indicate that sulfur can be a dominant 
signaling metabolite acting to repress the cycA1 promoter and induce the tusA promoter even in 
the presence of high levels of ferrous iron. Useful inducible/repressible promoters also exhibit 
concentration-dependent modulation, and both cycA1 (IC50 = 0.56 mM sulfur) and tusA (EC50 = 
2.5 mM sulfur) exhibit dose-response behavior. Taken together, these results indicate that cycA1 
and tusA provide a set of endogenous sulfur-responsive inducible/repressible promoters for the 
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use and development of exogenous gene control in A. ferrooxidans.  While both cycA1 and tusA 
are weak promoters relative to tac with identification of the responsible DNA elements and 
engineering of the promoters themselves, stronger and potentially more responsive derivatives 
can be obtained. Re-engineering the lac promoter into tac provided a 25-to 50-fold increase in 
response range with another 5-fold improvement in promoter strength (123-125). While the ara 
promoter has a  200-1200-fold range (126) and tet provides a 100-fold change in response (127), 
combining elements of these with other promoters pushed the response range to 400-5000-fold 
(128).  
The cycA1 gene is the first member of the petI operon that encodes the bc1 complex 
necessary for reverse electron transport to generate reducing equivalents during iron oxidation, a 
significant investment for A. ferrooxidans considering the difference in redox potential between 
iron (0.77 V) and reducing equivalents (-0.32 V).  The cycA1 cytochrome is thought be the 
branch point during iron oxidation between an energetically downhill pathway to a terminal 
oxidase and an uphill pathway through the petI bc1 complex (23). Previous work investigating 
the role of cycA1 in A. ferrooxidans identified the essential promoter structures of this sigma70-
like promoter (43, 44). However, these earlier studies were done in the closely related A. 
ferrooxidans ATCC strains 19859 (43) and 33020 (44). Clustal Omega alignment of the NCBI 
sequences from these studies with the same region from the ATCC 23270 strain studied here 
show high homology. Interestingly, the cycA1 promoter sites in 19859 and 33020 are rather 
different; the -35 sequence of the cycA1 promoter in 33020 overlaps with the -10 sequence of 
19859 and the -10 sequence of 33020 contains the transcription start site of 19859. Both sets of 
sequences are present in 23270 (Figure 3-9A). While both transcriptional starts sites were 
experimentally verified for both 19859 and 33020, it is not clear why upon alignment they differ. 
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The varying results could arise from different culture conditions, sequence variation, and/or 
strain variation. Given the crucial role of cycA1 in reverse electron transport, it is possible that 
the cycA1 promoter is a complex element and both promoter sites are present and active in A. 
ferrooxidans. Further study can help elucidate the true nature of this promoter. The cycA1 
promoter was previously shown to be active only in ferrous iron-based media in agreement with 
its role in iron energy metabolism (44). It is surprising that even in the presence of abundant 
ferrous iron, small traces of sulfur are sufficient to silence promoter activity. Furthermore, the 
cycA1 promoter is about five times more sensitive than the tusA promoter to sulfur. This higher 
sensitivity of the cycA1 promoter to sulfur may allow A. ferrooxidans to quickly silence an 
energy intensive pathway to reducing equivalents when a “cheaper” alternative exists, as the 
redox potential of sulfur (-0.62 V) is more favorable for the production of NAD(P)H.  
The tusA gene is known to code for a sulfurtransferase that participates in tRNA 
modification in microbes (129). In some sulfur-oxidizing photo- and chemolithoautotrophs, the 
tusA gene is found in multi-gene operons with a heterodisulfide reductase complex and dsrE, a 
known sulfur transport protein (32, 130). Together with a rhodanese-like protein, tusA/DsrE are 
predicted to participate in sulfur transport in Acidithiobacillus spp. and other sulfur oxidizers (32, 
131-133). Our data demonstrating the differential expression of the tusA promoter and its 
induction by sulfur in the presence of ferrous iron may reflect its role in sulfur transport. Using 
available web-based bioinformatics tools, a putative annotation of tusA has been developed 
(Figure 3-9B). The tusA intergenic sequence contains a sigma70-like sequence that matches 
published sequence logos and consensus sequences of sigma70-type promoters (134, 135) and a 
canonical ribosome binding site. Importantly, a previous report included the rhodanese-like 
protein (AFE_2558) as part of the heterodisulfide complex (hdr) operon while reported 
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microarray data does not support its specific induction by sulfur (32). Given our data and the 
putative annotation of the tusA promoter it is possible that the rhodanese-like protein is regulated 
separately. Furthermore, it is possible that the tusA promoter is an internal promoter of the hdr 
operon, or it marks the beginning of the hdr operon, or that tusA and dsrE are an entirely separate 
operon. Further experiments are necessary to elucidate the full structure and regulation of these 
important sulfur-oxidation genes.  
It is noteworthy that our results obtained by flow cytometry were not obvious from our 
initial microplate reader data (Figure 3-1), and the result for cycA1 obtained by flow cytometry 
was the opposite predicted by our microplate reader data. This is most likely due to the highly 
variable background caused by the unavoidable iron and sulfur particulate found in A. 
ferrooxidans cultures. As such, our microplate reader results are not sufficient to draw 
conclusions regarding the other fragments we investigated; but rather, it is possible other 
fragments could also exhibit sulfur-dependent or iron-dependent activity, and that future 
investigations should use the more sensitive flow cytometry approach we describe here. It is 
possible that the intergenic sequences used in this study failed to include the complete promoter 
sequence and thus, the actual activity of the promoter was not assayed. It is also possible that the 
short iron/sulfur assay used to test for differential expression was insufficient to elicit an 
inducible effect, or that some promoters responded to other stimuli not assayed here. 
Here using flow cytometry, we studied and characterized the in vivo activity of two 
promoter regions from A. ferrooxidans using live cells. Our results indicate that sulfur in a 
ferrous iron background can regulate gene expression potentially allowing for exogenous gene 
repression and induction. The cycA1 and tusA promoters are potential new tools to exogenously 
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repress or induce gene expression in A. ferrooxidans, and could aid in the development and 








Open reading frame regulated 
Locus taga bp range from 
start codon 
Expression in 
Fe or Sb 
Reference 
rus Rusticyanin AFE_3146 -307 to -1 Fe (36) 
cyc2 Cytochrome c of the rus operon AFE_3153 -515 to -1 Fe (32, 136) 
cycA1 Cytochrome c4 of the petI operon AFE_3107 -436 to -1 Fe (32, 44) 
ctaA Heme A synthase AFE_3144 -250 to -1 Fe (32) 
hip High potential iron-sulfur protein AFE_2732 -86 to -1 S (32) 
cycA2 Cytochrome c4 of the petII operon AFE_2727 -212 to -1 S (32) 
tusA Hypothetical protein tusA AFE_2557 -123 to -1 S (32) 
cydc Metallo-beta-lactamase-like 
protein 
AFE_0956 -164 to -1 S (32) 
cyoA Cytochrome o ubiquinol oxidase AFE_0631 -765 to -1 S (32) 
        
a. locus tags associated with GenBank Accession # CP001219.1 
b. as reported in Quatrini et al. (2009) (12) 
c. This promoter element precedes AFE_0956, the first gene in a putative multigene operon containing the genes 




Table 3-2 Plasmids and strains used in this study 
 
Plasmids and Strains Description Reference 
   A. ferrooxidans Strains 
  WT ATCC 23270 type strain (116) 
AF-tac WT(AF-GFP) (116) 
AF-rtGFP WT(pAFGrt) This study 
AF-cyc2 WT(pAFG2) This study 
AF-rus WT(pAFG3) This study 
AF-cycA1 WT(pAFG4) This study 
AF-cta WT(pAFG5) This study 
AF-hip WT(pAFG6) This study 
AF-cycA2 WT(pAFG7) This study 
AF-tusA WT(pAFG8) This study 
AF-cyd WT(pAFG9) This study 
AF-cyo WT(pAFG10) This study 
   Plasmids 
  AF-GFP pJRD215 containing GFP driven by tac promoter (116) 
pAFGrt AF-GFP with tac promoter removed This study 
pAFG2 AF-GFP with tac replaced by cyc2 promoter This study 
pAFG3 AF-GFP with tac replaced by rus promoter This study 
pAFG4 AF-GFP with tac replaced by cycA1 promoter This study 
pAFG5 AF-GFP with tac replaced by cta promoter This study 
pAFG6 AF-GFP with tac replaced by hip promoter This study 
pAFG7 AF-GFP with tac replaced by cycA2 promoter This study 
pAFG8 AF-GFP with tac replaced by tusA promoter This study 
pAFG9 AF-GFP with tac replaced by cyd promoter This study 
pAFG10 AF-GFP with tac replaced by cyo promoter This study 




Table 3-3 Primers used in this study 
 
Promoter Primer Sequence 
rus TMKp1 5’-TACCGCTAGCTGACGTCGTCGTTACCCAT-3’ 
 
TMKp2 5’-ATCTGGATCCTAGATCCCTTCTCCTTAACGTTTAACC-3’ 
cyc2 TMKp5 5’-GAAGCTAGCTTGGCATGTCAGTTTTTGGGA-3’ 
 
TMKp6 5’-CATGGATCCAATCCCCTCCATAGCGGTATG-3’ 
ctaA TMKp7 5’-TACCGCTAGCTGATTGGTTAAGTTTATTGAACTATAGACCAC-3’ 
 
TMKp8 5’-TCATGGATCCCCCGGTAATCAGCCAGC-3’ 
cycA1 TMKp9 5’-TACCGCTAGCCAGTCAGACCCTCTCAGACTTATATTG-3’ 
 
TMKp10 5’-ATCTGGATCCCGCACCCATACCAATAAACAC-3’ 
hip TMKp11 5’-TAATGCTAGCTGGAAGGTTATTTGGATATATGAGG-3’ 
 
TMKp12 5’-ATCAGGATCCGATATCGCTCCTTCAGATGAAC-3’ 
cycA2 TMKp13 5’-TACCGCTAGCATGGCGCGCTGACAAACATC-3’ 
 
TMKp14 5’-ATCTGGATCCGACCATTGCCATAGAGAATAGTGGGATAAC-3’ 
tusA TMKp15 5’-TAATGCTAGCTAAGGATACTCTAAAATAGGGGTGC-3’ 
 
TMKp16 5’-ATCAGGATCCGGGTTAACCTCCTCGGTTAT-3’ 
cyoA TMKp17 5’-TAATGCTAGCGGCCAGAGTTTAGCATGGC-3’ 
 
TMKp18 5’-ATCTGGATCCTGATATTTCTCCCTGACGGACTT-3’ 







Figure 3-1. Preliminary investigation of potential differential activity using a plate reader-
based assay. Of the set of nine DNA fragments cloned from A. ferrooxidans, AF-cycA1 and AF-
tus displayed significant differences in mean fluorescence between cells grown with Fe(II) or 







Figure 3-2. Gating used to analyze flow cytometry samples. 
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Figure 3-2. Initial values were based on distributions of AF-rtGFP, and confirmed with AF-tac. 
The consistently strong fluorescence and tight distribution of the DNA dye SYTO 61 as 
exemplified here facilitated discrimination of the cells. A great deal of the noise produced from 
particulates is filtered out of sample collection by setting the event gates for FSC-A, SSC-A, and 
APC-A channels such that iron and sulfur particulates do not register as measureable events, 
while cells do. The post-run gates applied further lower noise by trimming the spread of the data 
and removing boundary events. These band gates were broadly defined to be inclusive and 









Figure 3-3. Representative dot plots of negative (A) and positive (B) controls before and 
after applying gating. The net effect of gating in all cases is to reduce the spread of the data 
lowering noise, and to remove events along the boundaries.  The quadrant gates shown for the 
FITC-A channel are superimposed to demonstrate the effectiveness of the method and were not 







Figure 3-4. Representative dot plots of all GFP expression for AF-tac, AF-cycA1, AF-tus, 
and AF-rtGFP in iron and sulfur media. Quadrant gates shown here are for illustrative 




Figure 3-5. cycA1 and tusA promote differential gene expression. 
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Figure 3-5. cycA1 and tusA promote gene expression differentially in media containing ferrous 
iron or sulfur as the energy source. AF-cycA1 and AF-tusA strains containing GFP driven by the 
cycA1 or tusA promoter sequences, respectively, were freshly grown in standard AFM3 iron 
media, subcultured in media containing either ferrous iron (AFM3 media containing 100 mM 
Fe(II)) or sulfur (F3S media containing 100 mM Fe(III) and 0.1% sulfur) as the sole energy 
source for 12 hours, and then assayed by flow cytometry to measure the expression level of GFP. 
A) Representative flow cytometry results for AF-cycA1 and AF-tusA. GFP fluorescence of AF-
cycA1 decreases in sulfur media, while it increases for AF-tusA. B) Average median fluorescent 
intensity (MFI) of each strain (N=4). AF-rtGFP and AF-tac provided negative and positive 
controls, respectively, for flow cytometry gating and post-run analysis. Both AF-cycA1 and AF-





Figure 3-6. The differential expression of cycA1 and tusA promoters is sustained. All strains 
were cultured continuously for three passages in AFM3 iron or F3S sulfur media and 
interrogated for GFP expression when the cultures reached stationary phase, determined to be 
complete iron oxidation in AFM3 (in about 3 days) and a pH < 1.5 in F3S (4-5 days). The 
expression patterns of AF-cycA1 and AF-tusA remained consistent, p-values < 0.05, N=3. 
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Figure 3-7. The presence of sulfur in the medium acts as a dominant signal for both promoters. 
Fresh cultures grown in AFM3 iron medium were subcultured for 12 hours into AFM3 (Fe(II)), 
F2S (Fe(II)+S) medium, and F3S (Fe(III)+S) medium to test the effect of both energy substrates 
on promoter expression and rule out iron redox state contributions. After 12 hours, the average 
Fe(II) content of cultures growing in AFM3 and F2S media decreased by about 20 mM. Cultures 
were harvested and assayed for GFP fluorescence by flow cytometry. a) Representative flow 
cytometry results for AF-cycA1 and AF-tusA. Sulfur suppresses AF-cycA1 expression while it 
induces AF-tusA expression, even in the presence of ferrous iron. b) Average median 
fluorescence (MFI) of each strain (N=3). One-way ANOVA demonstrated that only AF-cycA1 
in Fe(II) exhibited significant expression compared to negative control (AF-rtGFP), while AF-
tusA in both Fe(II)+S and Fe(III)+S exhibited significant expression over negative control, p-





Figure 3-8. Dose response curves for GFP expression driven by cycA1 and tusA promoters. 
AF-cycA1 and AF-tusA strains freshly grown in AFM3 media were cultured in AFM3 media 
containing 1-1000 mg/L (0.032-32 mM) sulfur for 12 hours, then assayed by flow cytometry. 
Average median fluorescence (MFI) (N=3) was plotted versus concentration and fitted with a 4-
parameter logarithmic function. The calculated EC50 of AF-tusA is 2.5 mM (80 mg/L) sulfur and 









Figure 3-9. Potential promoter sequences of cycA1 and tusA. A) Clustal Omega alignment of the 
cycA1 promoter sequence from A. ferrooxidans ATCC strain 23270 against published sequences 
for strains 19859 (NCBI accession # AF220499) and 33020 (NCBI accession # AJ438314). 
Sequence differences indicated by black arrows. Predicted -35 and -10 sequences represented as 
bold and outlined in black rectangles for ATCC 19859 strain and bold, dashed rectangles for 
ATCC 33020. Previously determined transcriptional start sites for 19859 and 33020 strains are 
bold and underlined. Grey boxes show alignment of predicted promoter sequence of 19859 strain 
against the other two strains, and grey dashed boxes show alignment of promoter sequence from 
33020. Full Clustal Omega alignment shown in Figure 3-10. B)  Putative sigma70-like sequence 
of the tusA promoter as determined by four separate promoter prediction algorithms. Predicted -
35 and -10 sites are bold and outlined by dashed rectangles. Predicted transcriptional start site 
indicated as bold and underlined and denoted by ‘+1’. Canonical ribosome binding site shown in 
bold with raised asterisks. Sequence denoted as the core region is the length of the tusA promoter 
that was most commonly identified by all the various prediction algorithms. See Figures 3-13 




AJ438314      aacacgacgatcattccatagatgccggcaatgagcataagcacaaagatgatacttttg 60 
AF220499      ------------------------------------------------------------ 0 
23270         ------------------------------------------------------------ 0 
                                                                           
 
AJ438314      gaacgcacgctcagatggcgccataaatgaatggcaaaggagtgactaaggtgtgctgtc 120 
AF220499      ------------------------------------------------------------ 0 
23270         ------------------------------------------------------------ 0 
                                                                           
 
AJ438314      aatagtgaatcctcatgtttcagtcatgtcagtagcaccccaaatccagcgcatacgatg 180 
AF220499      ----------------------------------------------tagggcacgc---- 10 
23270         ------------------------------------------------------------ 0 
                                                                           
 
AJ438314      cgtattccatgccattcggccggggcgggcggagtgtaatgaccgtggtaaaaggacgtt 240 
AF220499      -g-------tggtcgacggcccgggctggtat-------cgcccac---ccatgtccgtc 52 
23270         ------------------------------------------------------------ 0 
                                                                           
 
AJ438314      acgccgactggggcgacggggtcaaccgcc---gcttcttccgcatg-aattctccgtcg 296 
AF220499      tcacccg--gaaaacccaaggtgttcctgctttgaatcaacagtcagaccctctcagact 110 
23270         ----------------------------------------CAGTCAGACCCTCTCAGACT 20 
                                                      *.* .:* .. ****.*:*  
 
AJ438314      ttagttag--c--ctgtaggcgttgtagatcagacgatccagaacatggaatcggt--gg 350 
AF220499      tatattggtaccattgaatgcgttta-tatctatcgca----aatttgttcactttttaa 165 
23270         TATATTGGTACCATTGAATGCGTTTA-TATCTATCGCA----AATTTGTTCACTTTTTAA 75 
              *::.**.*  *   **:* ***** :  ***:.:**.:    ** :** :.:*  *  .. 
 
AJ438314      ccggatcgccgtgg-------agtcagtggccggatgcggccggaatacgcaattttgaa 403 
AF220499      taataacgacacggtaagtatattccgtgagcgcgtttggtcttgtttagcgattg---- 221 
23270         TAATAACGACACGGTAAGTATATTCCGTGAGCGCGTTTGGTCTTGTTTAGCGATTG---- 131 
               .. *:**.*. **       * **.***. ** .*  ** *  .:*:.**.***      
 
AJ438314      taaatagcttcaatcaacgcccgcccgggcgcgtggccgtgtgggatggtgaccctgatc 463 
AF220499      --------gtcgggaaatg-----acgg--gcttggtc--gtgggatggtggtcctgatc 264 
23270         --------GTCGGGAAATG-----ACGG--GCTTGGTC--GTGGGATGGTGGTCCTGATC 174 
                       **.. .** *     .***  ** *** *  ***********. ******* 
 
AJ438314      gccatccctgcagggccttttttgccccgccttcaacgcaggctttgatgcgcagtttgg 523 
AF220499      accatccctgcagggcctttcttgctccgccttccaggcaggctttgatgtgcagtttgg 324 
23270         ACCATCCCTGCAGGGCCTTTCTTGCTCCGCCTTCCAGGCAGGCTTTGATGTGCAGTTTGG 234 
              .******************* **** ********.* ************* ********* 
 
AJ438314      gcagtatcttcaataatcaaggaaggggttgaccataatccgtttttatagtcatatatg 583 
AF220499      gcagtatcttcaca-atcaaagagagggctgaccataatcagtttttatagtcatatata 383 
23270         GCAGTATCTTCACA-ATCAAAGAGAGGGTTGACCATAATCAGTTTTTATAGTCATATATA 293 
              ************.: *****.**..*** ***********.******************. 
 
AJ438314      gacattatggggttatagattaattagatgataagtatatgctaacgcgggggtggagat 643 
AF220499      gtcgttatgtggttatagatgaattagatgataagtatatgctaactcgggggtgaagat 443 
23270         GTCGTTATGTGGTTATAGATGAATTAGATGATAAGTATATGCTAACTCGGGGGTGAAGAT 353 
              *:*.***** ********** ************************* ********.**** 
 
AJ438314      agatggtccaacttagc------------------------------------------- 660 
AF220499      ag---------------------------------------------------------- 445 
23270         AGATGGTCCAACTTAGCTACACCAAAAAATCCGGCAAGATGGTGGCCATGGTATCTGTCG 413 
              **                                                           
 
AJ438314      ----------------------- 660 
AF220499      ----------------------- 445 
23270         TGTTTATTGGTATGGGTGCGATG 436 
	
Figure 3-10. Clustal Omega alignment of cycA1 promoter regions from A. ferrooxidans. 
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Figure 3-10. Clustal Omega alignment of cycA1 promoter regions from A. ferrooxidans ATCC 
strains 19859, NCBI accession # AF220499 (43), 33020, NCBI accession # AJ438314 (44), and 





Figure 3-11. Full sequence of A. ferrooxidans ATCC 23270 cycA1 promoter used in this 
study. Red shading and lettering corresponds to putative promoter reported for ATCC 19859 
strain. Blue shading and underlining corresponds to the putative promoter reported for ATCC 
33020 strain. This sequence corresponds to bases 2,792,242-2,792,678 in the published genome 











Figure 3-12. Full sequence of A. ferrooxidans ATCC 23270 tusA promoter. Red type indicates 
predicted -35, -10, and TSS sites. The RBS is denoted by bold and underline. This sequence 






















Figure 3-13. Promoter prediction results. Actual results from use of web server algorithms 


























Background & Significance 
A. ferrooxidans is an important industrial organism with applications in biomining and 
bioremediation of metals, and recently the bioproduction of fuels and chemicals from CO2 (116). 
It is an acidophilic chemolithoautotroph that obtains all metabolic energy through the oxidation 
of ferrous iron or reduced inorganic sulfide compounds and minerals (23). In copper biomining 
applications, this activity leads to the passive dissolution of copper ions from copper minerals for 
subsequent processing into copper metal (100). It is estimated that 20% of the world’s copper is 
processed using the metabolism of these and related bacteria.  
The general hallmarks of A. ferrooxidans physiology are well-studied and the genome 
has been fully sequenced (23). While methods for transferring DNA to A. ferrooxidans have 
been developed (68, 71) and these methods have been used for overexpression of heterologous 
DNA (73, 77, 116), the genetic system for this species is relatively under-developed. Only one 
plasmid, pJRD215, has been routinely used as a vector in this species and only a single promoter 
(tac) has been used for strong constitutive gene expression. Recently, we have characterized two 
promoters from this species which provide for inducible repression or induction by the addition 
of sulfur to the medium (137). However, by the inherent size limitation of pJRD215 only simple 
genetic circuits can currently be used (83, 86, 89). Additionally, the current conjugation methods 
while sufficient to generate mutant strains are still rather inefficient and time-consuming to 
permit rapid strain development. Furthermore, there is currently no effective selective liquid 
culture, which limits the throughput and development of any mutant strains as there is always a 
risk of WT reversion and contamination.  
Here we describe the development of pTF-FC2 for use with pRD215 in A. ferrooxidans, 
thus providing additional space for larger genetic circuits and for the development of more 
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advanced techniques such as chromosomal integration. We also describe the growth behavior of 
A. ferrooxidans on mixed iron-sulfur media which provide additional benefits to pure iron or 
pure sulfur media. Using the principles behind such iron-sulfur media, we develop SM4, the first 
truly selective liquid media described for A. ferrooxidans and develop a Fe(III) variant on the 
standard 2:2 solid media used during conjugation and selection. Cumulatively these 
developments provide for robust growth and effective liquid selection for strain maintenance and 
screening of colony inoculates, and increase the ease, speed, and reproducibility of DNA transfer 
to A. ferrooxidans. Together, the second vector and improved genetic methods will facilitate 
future inquiry and engineering efforts of this important bacterium.  
 
Results and Discussion 
Alternative vectors for gene expression in A. ferrooxidans 
 Currently there is only one plasmid to shuttle DNA into A. ferrooxidans. While other 
vectors have been attempted, only the broad host range RSF1010-type plasmid pJRD215 
belonging to the plasmid incompatibility group Q (IncQ) has been shown to efficiently transfer 
and stably reside within the cell (62, 68, 69, 71). IncQ-type plasmid replication proceeds by the 
unique strand displacement pathway and as a family of plasmids are less reliant on host factors 
for replication explaining, in part, the diversity of species in which these plasmids can be found 
and lending to the inherent stability of theses plasmids within the cell. (83). An important 
consequence of the method of DNA replication used by IncQ plasmids is that they are generally 
limited to a maximum size of 12-14 kilobases (kb) (89), and much of this limited genetic real 
estate consists of the plasmid-specific replicon (86). As such, there is not much room for 
additional genetic material severely limiting the complexity and scope of genetic circuits that can 
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be carried by these plasmids. For instance, the backbone of the pJRD215 plasmid solely used for 
DNA transfer in A. ferrooxidans is 8 kb meaning only 6 kb remain before the plasmid becomes 
inherently unstable. As an example, the two gene pathway to heptadecane production used in A. 
ferrooxidans (116) brought the size the plasmid to the edge of its 14 kb limit. This fact has the 
important consequence that without additional techniques, such as chromosomal integration, 
further genetic and metabolic engineering for this heptadecane-producing strain and others are 
not currently feasible. With this in mind, we set out to identify and develop alternative vectors 
for use in A. ferrooxidans. With an additional vector, it may be possible to co-express additional 
genes from both plasmids expanding the possibilities in A. ferrooxidans. Importantly, many of 
the advanced techniques necessary to develop more permanent solutions to this issue (i.e. 
chromosomal integration) often involve the use of multiple plasmids. Thus, an additional, stable, 
and well-characterized vector for A. ferrooxidans is important for future development of genetic 
techniques in this species.  
 
Baseline characterization of pTF-FC2 for use as a shuttle vector 
 First, any plasmid used in A. ferrooxidans must be mobilized during conjugation as this is 
the only effective means to transfer DNA to A. ferrooxidans (68, 71, 116).  Second, thus far only 
IncQ family plasmids have demonstrated effectiveness in A. ferrooxidans (71). This would itself 
be limiting if the IncQ family of plasmids was not composed of several subfamilies of plasmid as 
two plasmids of the same incompatibility group cannot reside within the same cell (86). 
Interestingly, one of the two plasmids actually derived from A. ferrooxidans, pTF-FC2, resides in 
a different subfamily of IncQ plasmids and, critically, has been well-characterized, shown to be 
sufficiently divergent from pJRD215, and demonstrated relatively efficient conjugative transfer 
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(65, 86, 138-140). However, this plasmid has never been used within A. ferrooxidans, nor has it 
ever been used for heterologous expression of foreign DNA in any context. Thus, it is important 
to validate both the possibility of effectively manipulating this plasmid and to characterize 
heterologous expression from this plasmid. After first validating that pTF-FC2 can indeed co-
reside with pJRD215 in E. coli, the Tn5467-like transposon carrying chloramphenicol resistance 
was removed and an operon conferring streptomycin resistance and the tac-driven GFP operon 
used in AF-GFP were cloned into the pTF-FC2 backbone generating pTF4-GFP. At 9 kb, the 
backbone of pTF-FC2 is a bit larger than pJRD215, but this still allows for an additional 5 kb of 
genetic space to express additional genes if these two plasmids were used together. pTF4-GFP 
was then conjugated into A. ferrooxidans and strains isolated using the standard conjugation 
protocol. After confirming the presence of the GFP and streptomycin genes by PCR, the strain of 
A. ferrooxidans carrying pTF4-GFP (designated AF-TFG) and the pJRD215-based AF-GFP 
strain were cultured in AFM3 iron media and F2S sulfur media and assayed by flow cytometry 
(Figure 4-1). AF-TFG does indeed express GFP, but interestingly does so at a lower level than 
AF-GFP being about 3.7-fold weaker in both iron and sulfur media. This is an important 
consideration to keep in mind when designing systems using both plasmids. 
 
Co-residence of pTF-FC2 and pJRD215 plasmids 
 The goal in developing pTF-FC2 is to develop a second plasmid for use in concert with 
the standard pRJD215 vector. While these plasmids have been shown to co-reside in E. coli, it is 
important to validate this in A. ferrooxidans. To this end, the CFP and YFP variants of 
superfolder GFP were cloned in place of GFP in pJRD215 (creating pJRD-CFP) and pTF-FC2 
(generating pTF4-YFP) (108). CFP was chosen for pJRD215 as it is traditionally the weaker 
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fluorophore and YFP chosen for pTF-FC2 as that plasmid exhibited weaker expression. 
Conjugations were conducted in series. First, a pJRD-CFP strain of A. ferrooxidans was 
generated and then the pTF4-YFP plasmid was conjugated into that strain generating a CFP-YFP 
strain designated AF-CY. Genes from both plasmids were verified by PCR and the AF-CY strain 
was cultured in AFM3, cells harvested, and viewed by confocal microscopy (Figure 4-2). Both 
plasmids are well colocalized demonstrating that pJRD215 and pTF-FC2 can indeed co-reside 
with A. ferrooxidans and effectively co-express. This provides future opportunities where 
additional pathways can be expressed from both plasmids for further genetic and metabolic 
engineering in this species. 
 
Altered expression patterns of the cycA1 and tusA promoters after growth in sulfur media 
 Recently, two promoters, cycA1 and tusA, were identified in A. ferrooxidans that provide 
sulfur-induced control of gene expression (137). These experiments on the cycA1 and tusA 
promoters were conducted over a 12-hour period to assay the induction of the promoters. While 
typically a 12-hour exposure to sulfur media is enough to demonstrate induction of the promoter 
activity, this effect was always measured from cultures initially grown in Fe(II)-based media and 
switched into sulfur-based media. The question becomes how these promoters respond if cultures 
are first grown in sulfur media and then switched into Fe(II) media. To initially assess this, 
cultures of A. ferrooxidans strains were grown to completion in F3S media (3 days) or AFM3 
media (2 days), harvested, and cultured in AFM3 media for 12 hours and assessed for GFP 
expression by flow cytometry (Figure 4-3). Surprisingly, promoter behavior was significantly 
altered after culturing in F3S. The cycA1 promoter expressed weakly and the tusA promoter still 
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expressed strongly in iron media after culturing in sulfur media, in contradiction to results 
obtained with initially iron-grown cultures (137).  
 To further explore and validate this effect, AF-cycA1 cells were grown in F3S for 3 
passages, harvested, and cultured in AFM3, F2S, or F3S for 12, 24, and 48 hours each. At the 
end of each period, cultures were harvested and GFP fluorescence assayed by flow cytometry 
(Figure 4-4). As expected, the expression of the cycA1 promoter in sulfur was indistinguishable 
from negative control (AF-rtGFP), and as above the expression of the promoter strain grown in 
F3S was only slightly elevated above the background after 12 hours in iron media. At 24 hours, 
cycA1 activity essentially recovered, and the median fluorescence intensity was comparable to 
the average basal expression in iron media. By 48 hours, cycA1 promoter activity was fully 
robust matching the ranges of the highest recorded levels of expression of this promoter in iron 
media (137). Additionally, Fe(II) levels were assayed for AFM3 cultures following prolonged 
culturing in sulfur media. Fe(II) levels remained above 90 mM for the first 12 hours indicating 
that little, if any, Fe(II) had been oxidized by the cells. The Fe(II) levels dropped below 50 mM 
by 24 hours and were near zero at 48 hours. This is contrary to previous experiments with these 
promoter strains that demonstrated about 30% Fe(II) oxidation over the course of the 12-hour 
induction experiment (137). Together, these results indicate that after a lengthy exposure to 
sulfur growth conditions, A. ferrooxidans accommodates to the media, and experiences a lag 
before re-accommodating to iron media (141).  
To further investigate this apparent accommodation to sulfur media conditions, AF-tusA 
cultures were grown in F3S for 12, 24, and 48 hours, harvested, cultured in AFM3, F2S, and F3S 
for 12 hours, and then Fe(II) levels were measured in the AFM3 condition and cells assayed by 
flow cytometry (Figure 4-5). After 12 hours of growth in F3S, the expression of tusA was as 
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expected and Fe(II) levels were measured as 50-70 mM in the AFM3 condition, but after 24 
hours of growth in sulfur media, accommodation was evident; expression of tusA in iron media 
was as robust as sulfur media and Fe(II) levels remained elevated (10-30 mM) in the AFM3 
condition. After 48 hours, further accommodation was evident, and the expression of tusA 
increased to its highest levels for each condition and little iron oxidation occurred (< 10 mM 
Fe(II) oxidized) in the AFM3 condition. These data directly support the concept that A. 
ferrooxidans slowly accommodates to sulfur growing conditions and that switching between 
energy sources may result in significant growth and transcriptional lags.  
 
Fe(II) levels remain elevated in mixed media 
 Typically, when AFM3 is inoculated at an initial OD600=0.001 (8.3 x106 cells), ferrous 
iron is oxidized rapidly to completion in 48 hours after an initial 8-12 hour lag phase (104). Cell 
yields are typically 1.7-2.5 x1010 cells for a 100 mL culture. In a mixed medium of Fe(II) and 
sulfur (F2S), cultures typically grow over 72 hours. The additional time could be a result of 
additional growth lag from the need to switch to a sulfur-based metabolism. The assumption was 
that iron would be oxidized first and sulfur last in keeping with the prevailing view that A. 
ferrooxidans prefers iron over sulfur (117).  The sulfur-dependent activity of the cycA1 and tusA 
promoters and growth and transcriptional lags measured as a result of sulfur accommodation in 
A. ferrooxidans leads to the question whether Fe(II) is actually oxidized when cells are grown in 
a mixed Fe(II) and sulfur media. Fe(II) levels were measured in 100 mL F2S cultures inoculated 
at an initial cell density of OD600=0.001 using the Ce(IV)-ferroinin indicator method (Table 4-2). 
After 24 hours, 15±13 mM Fe(II) was oxidized. After 48 hours in F2S, Fe(II) levels fell slightly 
with 32±18 mM Fe(II) oxidized. At both 24 and 48 hours, there is no visible depletion of the 
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sulfur content in the media. However, at 72 hours Fe(II) is nearly fully oxidized (7±8 mM Fe(II) 
remaining) and there is a visible reduction in the opacity of the media indicating that sulfur has 
been oxidized. These results could imply that little to no growth occurs during the first 24-48 
hours as cells and all growth is achieved in the last 24-36 hours similar to what generally occurs 
during Fe(II) growth (104). Using cell yield as a measure for growth, cultures were harvested at 
each time period. At 24 hours, no discernable cell mass is obtained because of the prevalence of 
sulfur particulate and the low initial cell density (OD600=0.001). At 48 hours, typical cell yields 
range 2.5-4.2 x1010 cells for a 100 mL culture indicating that robust growth occurred during this 
period even while iron levels remained relatively steady. At 72 hours, cell yields for a 100 mL 
culture are typically 6.6-9.1 x1010 cells. These results indicate that whether or not iron and sulfur 
are oxidized simultaneously, sulfur-dependent cell growth occurs before all Fe(II) is oxidized in 
Fe(II)/S mixed media.  
 
The rus operon remains operational during sulfur-iron growth 
 The cycA1 promoter is associated with ferrous iron oxidation and is believed to be the 
first step in the “uphill” pathway from iron to reducing equivalents (23, 30). As cycA1 is silenced 
in the presence of sulfur and yet there is iron oxidation during F2S growth, this implies that 
genes of the rus operon that form the “downhill” pathway from iron to oxygen (water) are still 
active. To assess this, AF-cyc2 and AF-rus strains that correspond to the major and minor 
internal promoters of the rus operon,  respectively (136), were cultured in AFM3 and switched to 
AFM3 or F3S for 12 hours, collected, and GFP fluorescence assayed by flow cytometry (Figure 
4-6A). Under these conditions, AF-cyc2 and AF-rus continued to express GFP albeit at a lower 
level, 57% and 66% of the GFP fluorescence in iron media, respectively. In order to assess 
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whether the expression in F3S is transient, AF-cyc2 and AF-rus strains were cultured in F3S or 
AFM3 media for three passages, harvested, and assayed by flow cytometry (Figure 4-6B). After 
prolonged exposure to F3S media, AF-cyc2 and AF-rus expression levels were significantly 
reduced being 28% and 20% of the AFM3 levels, respectively. These results indicate that while 
the expression of the cycA1 promoter is fully silenced in F3S media, promoters of the rus operon 
continues to express if at a much lower level.  
 
Fe(III)+S media presents an alternative growth condition for A. ferrooxidans   
A few important considerations can be taken from the observations of promoter activity, 
iron oxidation, and cellular growth in Fe(III)+S media. First, significant transcriptional changes 
occur when switching from a sulfur-based media (F3S) to an iron-based media (AFM3), and 
these changes are accompanied by significant lags in time. Both cycA1 and tusA require about 24 
hours before expressions levels in iron media return to normal. Second, there are significant 
changes in iron oxidation when cells are exposed to sulfur, even in a mixed energy state 
(Fe(II)+S, F2S media). When strains are exposed to F3S for longer times and then switched to 
AFM3, the amount of iron oxidation that occurs in the first 12 h decreases. In F2S media, iron 
oxidation does not continue to completion before cells apparently begin to oxidize sulfur as 
indirectly assessed by cell yield.  Third, these results could be simply explained by 
accommodation to sulfur, except for the apparent co-oxidation of iron and sulfur in F2S, the 
continued expression of rus operon promoters, and the apparently unaffected cellular growth. 
Cell yields after 48 hours in F3S media are comparable if not higher than cell yields in AFM3 for 
the same time period even while ferrous iron levels remain high. While not definitive, these 
results demonstrate that A. ferrooxidans growth in F3S or F2S media may represent a different 
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mode of growth than the more typical pure ferrous iron or pure sulfur cultures when taken 
together. At the very least, the cellular yields achieved with a modest increase in energy density 
and culture time indicate that iron-sulfur media provide for robust growth.  
While it is generally believed that A. ferrooxidans prefers iron over sulfur (23, 62), most 
studies compare growth on pure iron or pure sulfur cultures. Thermodynamically, it does not 
necessarily follow that iron oxidation would be the preferred mode of growth, as sulfur provides 
a more energetic route to costly reducing equivalents (Figure 4-7). Also, in its natural 
environment A. ferrooxidans is found associated with sulfide minerals, primarily pyrite, where 
the ferric iron participates in the oxidation of the mineral freeing sulfur/sulfides and producing 
Fe(II) for consumption. In such an environment, oxidizing Fe(II) is just one mode of growth and 
serves to regenerate Fe(III) to continue the oxidation of the mineral surface (50). It is likely that 
under those conditions A. ferrooxidans is taking full advantage of the available energy sources in 
its environment. Indeed, several proteins have been identified in A. ferrooxidans that directly 
reduce ferric iron to ferrous while oxidizing sulfur demonstrating that this link is more than 
abiotic (142-145). Additionally, during sulfur oxidation, the ferrous iron oxidation system in A. 
ferrooxidans is still actively transcribed and actively oxidizes reduced iron back to ferric (146, 
147). This possibility may explain why ferrous iron leves in F2S do not fall precipitatously in the 
first 48 hours of growth while there is still robust cell growth. It is possible that once a sufficient 
amount of ferric iron is generated, A. ferrooxidans begins oxidizing sulfur while concomitantly 
oxidizing ferrous iron to take advantage of the high energy electrons that arise from sulfur 
oxidation and only fully oxidizes the iron as sulfur becomes less plentiful or accessible.  
Together with the data described here, these findings suggest that the metabolism of A. 
ferrooxidans may be more nuanced than previously thought and that growth on sulfur in the 
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presence of ferric iron provides another mode of growth with features distinct from pure sulfur or 
pure iron.  
 
Fe(III)+S based media for liquid selection of mutant strains.  
 Iron-based media is not capable of producing a selective environment when using typical 
antibiotics. The acidity and oxidative nature of this media most likely accelerates the 
decomposition of antibiotics like kanamycin before effective selection pressure can be applied. 
As such, no truly effective liquid selection exists for A. ferrooxidans.  However effective 
selection can be achieved in solid media with an elevated pH and significantly reduced iron 
content (71, 116). This fact combined with the observations above led to the possibility that 
perhaps selective conditions could be generated with a sulfur-based media with low iron and 
high pH. With this concept in mind, several selective media were designed (Table 4-3). SM1 
medium essentially represents a liquid version of the familiar 2:2 solid media that is the basis of 
successful conjugation (71). SM2 replaces the thiosulfate sulfide energy source with elemental 
sulfur and SM3 exchanges ferric iron for ferrous and significantly reduces the concentration of 
iron (5 ppm Fe(III)), mostly for the practical reason that ferric sulfate is a strong Lewis acid, but 
also with the assumption that the above observations indicate that ferric iron provides a means to 
readily oxidize sulfur and that even 5 ppm this should be sufficient to support robust growth. 
Finally in SM4 and SM5, citric acid is added to chelate the ferric iron to prevent precipitation at 
the elevated pH (104). The initial pH of all media was set at pH 5. As an initial test of the 
effectiveness of these media, WT A. ferrooxidans and the isobutyric acid-producing strain AF-
KDC were grown in each medium with or without 225 µg/mL kanamycin. After 7 days, the pH 
of each was measured (Figure 4-8). As the sulfur was oxidized, the pH of the media without 
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kanamycin fell to about pH 1.5-2 demonstrating that all media were competent for cellular 
growth (Figure 4-8A). However, when kanamycin was present some of the media still exhibited 
growth as SM2 and SM3 with kanamycin failed to prevent the growth of WT cells while SM1, 4, 
and 5 successfully inhibited WT growth (Figure 4-5B). As a second assessment, AF-KDC was 
grown in SM1, 4, and 5 with and without kanamycin and the concentration of isobutyric acid 
was measured by GCMS, thus providing an indirect measure of cellular productivity (Figure 4-
9). Of the remaining media tested, AF-KDC in SM4 returned the highest levels of isobutyric 
acid, and this medium was selected for further investigation.  
 
SM4 provides effective selective pressure of A. ferrooxidans cultures.  
 WT and AF-KDC cultures were cultured in SM4 with and without 225 µg/mL kanamycin 
and the pH of the media followed over time (Figure 4-10A). In the absence of kanamycin, both 
WT and AF-KDC cultures rapidly fell below pH 3 within a few days. When kanamycin was 
present, AF-KDC cultures exhibited growth within 7 days, while the pH of WT cultures 
remained at pH 5 for 12 days before starting to falling below pH 3 at about 15 days. These 
results confirm that SM4 is capable of supporting A. ferrooxidans growth and demonstrates the 
ability to differentiate between truly resistant cultures and WT cells. Interestingly, WT cells were 
able to acidify the media after two weeks. This provides two important insights. First, even in 
SM4 kanamycin slowly degrades over several days, and secondly, kanamycin is not fully lethal 
to WT A. ferrooxidans but merely inhibits cell growth for a time. This observation agrees with 
previous experience with 2:2 selective plates that begin growing WT colonies after about 30 days 
of incubation (data not shown).  
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 To be truly useful, a selective media should permit easy screening of colony inoculates 
from new conjugations. To test this, WT and AF-KDC strains were plated on non-selective and 
selective 2:2 solid media plates, respectively. After colony formation (about 14 days), fresh 
colonies were inoculated in SM4 media with or without 225 µg/mL kanamycin. The pH of the 
cultures was followed over 15 days as before (Figure 4-10B). Both WT and AF-KDC colony 
inoculates grew well in SM4 without kanamycin falling below pH 3 within 5 days. AF-KDC in 
SM4 with kanamycin lagged by a few days before reaching pH 3 within 8 days. On the other 
hand, WT colony inoculates showed no sign of growth over 15 days remaining firmly at pH 5. 
These results validate the use of SM4 for selective culture of A. ferrooxidans cultures and the 
effective initial screening of new strains by inoculation in selective liquid media.  
 
SM4 medium can be used to maintain A. ferrooxidans cultures. 
 While SM4 is useful for selecting colonies, the fact that WT cells can outlast kanamycin 
in the media and begin growing after an extended period raises the possibility that SM4 medium 
may not be useful in routine strain maintenance. This is especially concerning as the 
effectiveness and stability of kanamycin becomes increasingly questionable as the pH of the 
medium falls. To test whether it is possible to maintain pure cultures with SM4, a mock selection 
assay was used. For this assay, an A. ferrooxidans strain expressing GFP and having resistance to 
streptomycin (AF-TFG) was used. AF-TFG and WT cells were freshly grown in F2S to 
acclimate the cells to sulfur-based media, harvested, and mixed 1:1,000; 1:10,000; and 1:100,000 
and inoculated in SM4 with 250 µg/mL streptomycin. The pH of the media was used to monitor 
the cultures and when the pH fell below pH 3, cultures were harvested and GFP fluorescence 
assayed by flow cytometry (Figure 4-11). After 3 rounds of culture in SM4 with streptomycin, 
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the GFP fluorescence of each dilution culture was comparable with positive control (pure AF-
TFG cultures) demonstrating that it is indeed possible to maintain cultures in SM4 and that the 
growth advantage provided by antibiotic resistance is sufficient for desired clones to out-compete 
WT cells.   
 
Sulfur-based methods for improved DNA transfer to A. ferrooxidans 
 Mixed iron-sulfur media (F2S and F3S) have demonstrated utility in allowing robust, 
relatively rapid growth of A. ferrooxidans cells. Ferric iron-sulfur media SM4 permits effective 
liquid selection of established strains and new colony inoculates. With the evidence presented 
above of the significant transcriptional and growth lags resulting from shifts between iron and 
sulfur media, it could be beneficial if completely sulfur-based methods from initial culture 
through conjugation to inoculation of new colonies could be established. The current best solid 
media for A. ferrooxidans uses Fe(II) with thiosulfate as the energy sources for growth, and 
during conjugation the established method utilizes mating dishes with Fe(II) (71, 116). In effort 
to support robust growth and avoid the growth lags related to shifts in energy metabolim, Fe(III) 
was used in place of Fe(II) during both conjugation and selective solid media. Ferric sulfate is a 
strong Lewis acid and, thus, the amount of iron in both media was curtailed to limit changes in 
pH and minimize changes to the formulations. For the solid mating media used in conjugation, 5 
ppm Fe(III) was used. This is the same as is found in SM4. For the selective solid media used for 
colony formation 400 ppm Fe(III) was used to hopefully facilitate rapid sulfide oxidation and 
thus colony growth. When using A. ferrooxidans cells first grown in F2S or F3S (both of which 
are Fe(III)+S media by the end of the culture) and these new Fe(III)-based solid media, the 
efficacy of conjugations is significantly enhanced. With these small modifications to media, 
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colonies now form in 7-10 days as opposed to almost 30 days, and the colonies are larger and 
easier to inoculate (Figure 4-12 and Table 4-4). When used with SM4 media the entire time of 
the conjugation protocol from initial cultures to new inoculates can be truncated by about 66% 
and the efficiency of conjugation is about 10-fold higher. These modest changes represent very 
significant improvements to the throughput, reproducible, and speed of what has traditionally 
been one of the more difficult and labor-intensive techniques for A. ferrooxidans.  
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Table 4-1: Strains and plasmids used in this study 
Plasmids and Strains Description Reference 
   A. ferrooxidans Strains 
  WT ATCC 23270 type strain (116) 
AF-tac WT(AF-GFP) (116) 
AF-rtGFP WT(promoterless version of AF-GFP) (137) 
AF-cyc2 WT(AF-GFP with cyc2 promoter in place of tac) (137) 
AF-rus WT(AF-GFP with rus promoter in place of tac) (137) 
AF-cycA1 WT(AF-GFP with cycA1 promoter in place of tac) (137) 
AF-TFG WT(pTF4-GFP) This study 
AF-CY WT(pJRD-CFP, pTF4-YFP) This study 
AF-KDC WT(pRJD215 bearing tac-driven KIVD, KanR+)  
   Plasmids 
  AF-GFP pJRD215 bearing tac-driven GFP, KanR+) (116) 
pTF-FC2 AF-GFP with tac promoter removed (138) 
pTF4-GFP pTF-FC2 with Tn5467 removed, StpR+, GFP+ This study 
pJRD-CFP AF-GFP with GFP gene replaced by CFP variant This study 
pTF4-YFP pTF4-GFP with GFP gene replaced by YFP variant This study 





Figure 4-1. Expression of AF-TFG in iron and sulfur media. AF-GFP and AF-TFG cells were 
grown in AFM3 or F2S media, harvested, and assayed by flow cytometry. The average MFI of 

















   





Figure 4-2. AF-CY cells were grown in AFM3, harvested, and prepared for confocal imaging. 
Images demonstrate co-expression of both fluorophores in A. ferrooxidans and stable co-








Figure 4-3. Altered expression patterns after culture in F3S. 
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Figure 4-3. Altered expression patterns after culture in F3S. AF-cycA1 (A, B) and AF-tus 
(C, D) stains, along with the negative control AF-rtGFP, were first grown in F3S media or 
AFM3 media, harvested, and then cultured in AFM3 media for 12 h before assaying by flow 
cytometry. Surprisingly, AF-cycA1 expressed weakly after growth in F3S, while AF-tusA 
expressed strongly, relative to the expected behavior in AFM3 media. (A) and (C) show flow 
cytometry result. Data represented as media fluorescent intensity and CV of the distribution, 




Figure 4-4. Expression of AF-cycA1 lags after extended growth in F3S. After culturing AF-
cycA1 strain in F3S media for 3 passages, AF-cycA1 was subcultured into AFM3, F2S, and F3S 
media, then cultures harvested at 12, 24, and 48 h and interrogated by flow cytometry. After 
prolonged exposure to sulfur, AF-cycA1 requires 24-48 h to fully recovery to its expected 
expression levels in iron media. Data represented as media fluorescent intensity and CV of the 
distribution, N=1.  Two-way ANOVA reports that effect of expression with respect to time and 




Figure 4-5. AF-tusA promoter activity strengthens when grown in F3S media. AF-tusA 
expression strengthens and is sustained, even in Fe(II) media, with increased exposure to sulfur 
media. Data represented as media fluorescent intensity and CV of the distribution, N=1. Two-
way ANOVA confirms significance of effect of time and media on GFP expression. (p < 0.0001) 
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AFM3 1.7-2.5 x1010 N/A
24 h in F2S N/A 15±13
48 h in F2S 2.5-4.2 x1010 32±18





Figure 4-6: Genes of the rus operon continue to express in sulfur media. A) AF-cyc2 and 
AF-rus strains were grown in AFM3, harvested, and subcultured in AFM3 or F2S for 12 hours 
before assaying by flow cytometry. For both AF-cyc2 and AF-rus, expression levels of GFP are 
lower in the F3S condition (57% and 66% of iron levels, respectively), but still robustly 
expressed. B) AF-cyc2 and AF-rus strains were cultured in AFM3 or F3S for three passages, 
harvested, and assayed by flow cytometry. Both AF-cyc2 and AF-rus expression are much 
reduced after extended culture in F3S (28% and 20% of iron levels, respectively). AF-rus 
expression in F3S is still differentiable from negative control (AF-rtGFP) (p-value < 0.0001). C) 
Graphic of the structure of the rus operon showing the main cyc2 promoter and minor, yet 






O2 +	4e- +	4H+ =	2H2O,	E0 =	+1.12	V
NAD+ +	H++	2e- =	NADH
E0 =	-0.32	V
S +	3H2O	=	4H+	+	4e- +	H2SO3	 E0 =	-0.45	V
 
 
Figure 4-7. Sulfur is more energetically favorable. The route from Fe(II) oxidation to reducing 
equivalents is well understood, and is energy intensive requiring proton translocation to drive the 
lower energy electrons from iron to the redox potential of reducing equivalents (32). Sulfur 
oxidation, however, is more thermodynamically favorable allowing a ‘downhill’ route to 
reducing equivalents. Adapted from Bird et al. 2011. 
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Table 4-3: Media formulations explored for liquid selection.
Designation Basal Salts Iron Source Sulfur Source Citrate
SM1 2:2 7 mM Fe(II) 18 mM Na2S2O3 0
SM2 2:2 7 mM Fe(II) 31 mM S0 0
SM3 2:2 0.1 mM Fe(III) 31 mM S0 0
SM4 AFM 0.1 mM Fe(III) 31 mM S0 1 mM
SM5 AFM 0.1 mM Fe(III) 31 mM S0 0.1 mM
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Figure 4-8. 10 mL of selective media variants were inoculated with OD600 = 0.001 of freshly 
grown WT and AF-KDC and incubated for 7 days. A) Selective media without antibiotic 
permitted growth of cells as evinced by the change in pH of the solution. B) SM1, 5, and 5 
selective media with 225 µg/mL kanamycin effectively inhibited WT cellular growth while 




Figure 4-9. Isobutyric acid production in new SM media formulations. Selective media 
variants with or without kanamcycin (kan) were inoculated with OD600 = 0.001 of AF-KDC and 
allowed to grow until the pH fell below pH 3. Samples of the media were taken, centrifuged, and 
supernatant analyzed by GCMS as described previously (116). SM4 provided the highest levels 
of isobutryic acid. Isobutyric acid production is a direct derivative of the valine pathway and is 








Figure 4-10. A) 10 mL cultures of SM4 with or without 225 µg/mL kanamycin (kan) were 
inoculated with OD600 = 0.001 of WT or AF-KDC cells freshly grown in F2S to acclimate the 
cells to sulfur conditions. The pH of the cultures were monitored daily until the pH fell below pH 
2 or 16 days whichever came later. Both WT and AF-KDC cells rapidly acidified the media in 
the absence of antibiotic. When kanamycin was present, AF-KDC lagged for a few days and then 
rapidly acidified the media, while WT cells showed no growth for 12 days before acidifying the 
media. B) 10 mL cultures of SM4 with or without antibiotic were inoculated with fresh colonies 
of WT or AF-KDC and the pH monitored for 15 days. In the absence of antibiotic both strains 
grew rapidly, but only AF-KDC colonies were able to growth in the presence of kanamycin. WT 
colony inoculates showed no sign of growth during the course of the experiment. Data 





Figure 4-11. Mock selection of StpR+ mutants in a WT background. 
	 121	
 
Figure 4-11. WT and AF-TFG strains were freshly grown in F2S, harvested, and mixed at 
1:1,000; 1:10,000; and 1:100,000 (AF-TFG:WT) dilution ratios in 10 mL of SM4 with 250 
µg/mL streptomycin at a total cellular denisty of OD600 = 0.01. Cultures were allowed to grow to 
completion (pH < 3), harvested, assayed by flow cytometry and subcultured in fresh SM4 with 
antibiotic at OD600 = 0.01. A) Median fluoroscent intensity (MFI) of GFP for each round of the 
mock selection assay. By the third round, GFP levels were indistinguisable from postive, pure 
culture control. B) Representative histograms of 1:100,000 mock selection experiment. Round 1 
is indistingusiable from negative control (AF-rtGFP). Round 2 has an observable change in the 
histogram while not significanlty effecting the MFI of the result in A. Round 3 is becomes 





Figure 4-12. Better performance with Fe(II)-based solid media. Traditional 2:2 media 
produces generally small colonies over the course of 30 days incubation. Fe(III)-based solid 





Table 4-4: Improvements from new media
Previous Method Improved Method





for inoculates 10-14 days 2-7 days
Total time 31-44 days 9-17 days















Materials and Methods used in Chapter 2 
Chemicals and Reagents. Unless otherwise noted, all chemicals were sourced from Sigma-
Aldrich (St. Louis, MO), all enzymes and reagents for DNA manipulation were purchased from 
NEB (Ipswich, MA) and Integrated DNA Technologies, and all Western blot supplies were 
sourced from Thermo Fisher Scientific (Waltham, MA) and Abcam (Cambridge, MA).  All 
synthetic genes were chemically synthesized by DNA 2.0 (Menlo Park, CA).  Acidithiobacillus 
ferrooxidans cells (ATCC 23270), iron-free growth medium (ATCC2039) and the pJRD215 
plasmid (ATCC 37533) were from American Type Culture Collection (ATCC, Manassas, VA) 
 
A. ferrooxidans cultures. Acidithiobacillus ferrooxidans (ATCC 23270) cells were obtained 
from American Type Culture Collection (ATCC, Manassas, VA) and used throughout this study. 
Cultures were grown in ATCC 2039 media (AFM media) containing: 0.8 g/L (NH4)2SO4, 2 g/L 
MgSO4 • 7H2O, 0.4 g/L K2HPO4, 5 mL/L MD-TMSTM trace mineral solution (ATCC, Manassas, 
VA) and 20 g/L (72 mM) of FeSO4 • 7H2O adjusted to pH 1.8 with concentrated sulfuric acid. 
The growth media was sterilized with 0.2 µm filters (Thermo Fisher Scientific, Waltham, MA). 
Exponential-phase cells were maintained in our experiment by weekly subculture into fresh 
media at 30 °C. A 0.1% (v/v) inoculum was used for each subculture to reach an initial cell 
concentration of ~103 cells/mL in 1 L solution. Cells were harvested by centrifugation at 12,000 
g for 10 min. Harvested cells were kept in 10 mL of fresh media and maintained viability for 1-2 




Iron concentration measurements. Fe2+ concentrations were measured by titrating 200 µL of 
medium and 20 µL of ferroin indicator with 0.1 M cerium (IV) sulfate and observing the color 
change from red to blue (148). The Fe3+ concentration was determined by subtracting the Fe2+ 
concentration from the total iron concentration.  
 
Cell density and dry cell weight measurements. Cell density was measured using an 
absorbance method. 1 mL samples were centrifuged at 12,000 RCF (relative centrifugal force) 
for 5 minutes and suspended in pH 1.8 basal salt solution containing 0.8 g/L (NH4)2SO4, 2 g/L 
MgSO4×7H2O, 0.4 g/L K2HPO4, 5 mL/L MD-TMSTM trace mineral solution (ATCC). 
Absorbance at 600nm was measured using a SpectraMax M2 spectrophotometer after 
background subtraction against basal salt solution. The total cell number was correlated with 
OD600 reading. An OD600 of 1.0 was equal to a total cell density of approximately 8.3×109 
cells/mL, which is equivalent to a dry cell weight density of 0.00053 g/mL (104) 
 
Super-folder GFP gene. The DNA sequence for super-folder GFP (sfGFP) (108) was codon 
optimized for A. ferrooxidans expression and was flanked by tac promoter and bla terminator 
sequences. This entire operon was PCR-amplified and ligated into the pJRD215 plasmid using 
available NheI and NotI restriction enzymes sites generating the plasmid AF-GFP. 
 
2-keto decarboxylase gene. The sequence encoding 2-keto decarboxylase (KDC) from L. lactis 
(3) with a C-terminal Myc-tag was codon optimized for A. ferrooxidans expression. The 
optimized gene was PCR-amplified producing 5’-NdeI and 3’-HindIII restriction sites, 
respectively. The amplified PCR product was ligated into NdeI and HindIII pre-digested pMAL-
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c4E vector creating the plasmid AF-01. The gene encoding KDC along with the flanking tac 
promoter and rrnB terminator sequences was amplified from AF-01 containing restriction sites 
NotI and SpeI, respectively.  The amplified PCR product was ligated into NotI and SpeI pre-
digested pJRD215 vector creating the plasmid AF-KDC.  
 
Acyl-ACP reductase and aldehyde deformylating decarbonylase genes. Genes from S. 
elongatus (109) encoding acyl-ACP reductase (AAR) and aldehyde deformylating oxygenase 
(ADO) with C-terminal Myc-tags were codon optimized for A. ferrooxidans expression. The 
AAR and ADO genes were PCR amplified and cloned into pMAL-c4E using NdeI and HindIII 
restriction sites creating the plasmids AF-02 (AAR) and AF-03 (ADO). These plasmids were 
used to clone the entire AAR and ADO operons into pJRD215. The AAR operon with the tac 
promoter and rrnB terminator was amplified from AF-02 containing restriction sites 5’-NotI and 
3’-SpeI, respectively and ligated into NotI and SpeI pre-digested pJRD215 vector creating the 
plasmid AF-04. The ADO operon with tac promoter and rrnB terminator was amplified from 
AF-03 containing restriction sites 5’-SpeI and 3’-KpnI, respectively and ligated into SpeI and 
KpnI pre-digested AF-04 vector creating the plasmid AF-ReDe. 
 
Conjugation of the plasmids. A modified filter mating conjugation protocol was used to 
transfer the plasmids AF-GFP, AF-KDC and AF-ReDe from E. coli to A. ferrooxidans (68). 
Plasmids were electroporated into the diaminopimelic acid (DAP) auxotrophic E. coli mobilizer 
strain RHO3, a Δasd ΔaphA SM10(λpir) derivative (149).   Selections were performed over LB 
plates containing 300 µg/mL DAP and 50 µg/mL Kanamycin (Km). RHO3 containing plasmids 
were grown in 5 mL of basal salt media [85 mM (NH4)2SO4, 5 mM KCl and 7.5 mM 
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MgSO4.7H2O, pH 4.5] in 15 mL tubes supplemented with 0.5% (w/v) yeast extract and 300 
µg/mL DAP at 37 ͦC, until the late exponential growth phase (Liu et al. 1999). A. ferrooxidans 
cells were cultivated in shake flasks of AFM media [72 mM FeSO4.7H2O, 6 mM (NH4)2SO4, 4 
mM MgSO4.7H2O and 2 mM K2HPO4, pH 1.8] at 30 ͦC until late exponential growth phase. Cells 
were harvested with centrifugation and washed three times with basal salt media. The donor and 
recipient cells were mixed in 1:2 ratios, and 100 µL of cell suspension (~ 2 x 1010 cells per mL) 
was spotted on filter paper on solid media [0.6% agar supplemented with 0.2% (w/v) Na2S2O3, 
0.0075% (w/v) FeSO4.7H2O and 300 µg/mL DAP, pH 4.5] and incubated at 30 ͦC for 5 days. 
Cells were suspended in 1 mL of basal salt media and 50 µL cell suspensions was platted on 
solid media [0.6% agar supplemented with 0.2% (w/v) Na2S2O3 and 0.2% (w/v) FeSO4.7H2O, 
pH 5] containing 200 µg/mL Km and incubated at 30 ͦC until colonies appeared (~2 weeks).  
 
Transconjugation confirmation. Single colonies of A. ferrooxidans conjugants were inoculated 
in 5 mL AFM media in 15 mL tubes containing 300 µg/mL Km and incubated at 30 ͦC until cell 
growth was observed (~ 1 week). Cells were then inoculated into 50 mL AFM media containing 
300 µg/mL Km and incubated in shake flasks at 30 ͦC until late exponential growth phase. Cells 
were harvested by centrifugation and plasmids were isolated using miniprep kit (Qiagen) for 
PCR analysis. Once the plasmids were identified as AF-GFP, AF-KDC or AF-ReDe by PCR 
analysis, the genetically engineered A. ferrooxidans cells were grown in larger scale for protein 
and product analysis. 
 
Confocal microscopy.  Freshly grown AF-GFP cells were harvested and washed 3X with basal 
salt solution and resuspended in water. Approximately 10 µL of this suspension representing 
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~106 cells was spotted onto a plain, clear glass microscope slide (Thermo Fisher Scientific 
Waltham, MA) and covered with a No. 1 glass coverslip (Thermo Fisher Scientific), and 
immediately viewed with using an Olympus FV1000 confocal microscope (Olympus, Center 
Valley, PA) with 60X oil objective. Once cells were identified, they were imaged at 10X digital 
zoom using a 488 nm argon laser for excitation with a 525/50 bandpass filter for emission.  
 
Western blotting. Total protein extracts from genetically engineered A. ferrooxidans AF-KDC 
and AF-ReDe strains were separated using SDS-PAGE in Novex (Thermo Fisher Scientific, 
Waltham, MA) NuPAGE 4-12% Bis-Tris gel, and electro-transferred onto Novex 0.45 µm pore 
size nitrocellulose membrane using standard method with a semi-dry blotting unit (Thermo 
Fisher Scientific). For the antigen-antibody reaction, the membrane containing the transferred 
proteins was treated with anti-Myc tag (FITC) antibody at 1:5000 dilutions.  FITC bound 
proteins were detected using Maestro EX in vivo imaging system (Perkin Elmer, Waltham, MA). 
 
Production of isobutyric acid and heptadecane in batch cultures. For isobutyric acid 
production, AF-KDC strains were grown in 5 mL volume in BD Falcon tubes at various 
conditions. Nine sets of experiments with three initial pH values (1.6, 1.8 and 2.0) two Fe2+ 
concentrations (36 mM and 72 mM) and two citrate concentrations (0 mM and 70 mM) were 
performed in triplicate.  Cultures were inoculated at an initial cell concentration of about 108 
cells/mL and incubated at 30 °C until all Fe2+ was oxidized. Media samples were directly tested 
using GC/MS for isobutyraldehyde and related products (see below). Only isobutyric acid was 
identified. For heptadecane production, AF-ReDe strains were grown in 1 L volume in 2800 mL 
Erlenmeyer flasks at various conditions. Nine sets of experiments at the same conditions as the 
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AF-KDC batch experiments were performed in triplicate. Cultures were inoculated at an initial 
cell concentration of about 108 cells/mL and were also incubated at 30 °C until all Fe2+ was 
consumed. Cells from the whole liter culture were harvested and sonicated in 0.5 mL of 
methanol. The cell suspensions were then centrifuged and the supernatants were assayed using 
GC/MS for alkane production (see below). Only heptadecane was identified.  
 
GC/MS for product identification and quantification. Characterization of extracellular 
products, i.e. isobtuyric acid and heptadecane, was carried out using a Shidmadzu GCMS-
QP2010 Ultra GC/MS system. For isobutyric acid analysis, 5 mL of the strain harboring the AF-
KDC plasmid was grown up at different conditions as described above. 1 mL samples were 
removed after all of the iron was oxidized. The samples were injected to the GC/MS apparatus 
directly. The samples were analyzed using Zebron ZB-WAX plus column (length: 30 m, I.D.: 
0.25 mm, film thickness: 0.25 µm) with the following method: 8 µL samples were injected on 
split mode at a ratio of 1:10 with oven temperature held at 40 °C for 2 min (inlet temperature 
held at 200 °C). The temperature was ramped up to 200 °C at a rate of 20 °C/min and held at 200 
°C for 2 min. The flow rate of the helium carrier gas was 1.5 mL/min. For qualitative analysis, 
the MS quadrapole scanned from 20 m/z to 150 m/z, and isobutyric acid peak was identified at 
6.5 min by comparing fragment patterns and retention times of product peaks with standard 
reference solutions. Negative controls were performed using wild type cell cultures following the 
same method. Quantitative analysis of isobutyric acid was carried out by making a calibration 
curve (0.2 ppm, 0.5 ppm, 1 ppm and 2 ppm), with a standard solution in water using same 
method but with a SIM (Selective Ion Monitoring) mode looking at 6.0 min to 7.0 min for the 
isobutyric acid peak.  
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 For heptadecane analysis, 1 L of the strain harboring the AF-ReDe plasmid was grown 
for 3 days at 30 °C in 2800 mL Erlenmeyer flasks at different conditions as specified. The whole 
culture was then centrifuged for 10 min at 12,000 rpm after all iron was oxidized. The cell pellets 
were then resuspended in 0.5 mL methanol, vortexed for 1 min and sonicated for 6 min. The 
suspension was again centrifuged and supernatant was collected and injected into the GC/MS 
machine. GC/MS was operated as follows: the system was equipped with a Shimadzu SHRXI-
5MS column (length: 30 m, I.D.: 0.25 mm, film thickness: 0.25 µm). 5 µL samples were injected 
(injection temperate held at 300 °C) in splitless mode with oven temperature initially held at 100 
°C for 3 min. The temperature was then ramped up to 320 °C at a rate of 20 °C/min and held at 
320 °C for 5 min. The flow rate of helium carrier gas was 1.3 mL/min. Heptadecane was 
qualitatively identified at 9.1 min by comparing fragmentation patterns and retention times of 
product peaks with standard reference solutions. Negative controls were performed using wild 
type cell cultures following the same method. Quantitative analysis of heptadecane was carried 
out by making calibration curve (1 ppm, 5 ppm and 10 ppm), which was made with standard 
solution in methanol using same method but with SIM (Selective Ion Monitoring) mode looking 
at 8.5 min to 9.5 min specifically for heptadecane peak. 
 
Conversion of isobutyraldehyde to isobutyric acid. From the culture media of grown AF-KDC 
strain, isobutyric acid was identified rather than isobutyraldehyde. It was hypothesized that this 
could be due to spontaneous oxidation of isobutyraldehyde in the liquid phase. This was 
explored by adding pure isobutyraldehyde into AFM media and evaluating the sample using 
GC/MS. Isobutyric acid was observed in the cell free (abiotic) AFM media samples  while pure 
AFM media did not yield any isobutyrate. Previous literature reports also indicate that oxidation 
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of isobutyraldehyde to isobutyric acid can be achieved spontaneously at 30 °C without a catalyst 
(110) by the following reaction. 
 
Isobutyraldehyde + ½O2 = isobutyric acid 
 
Continuous reactor (chemostat) configuration. The growth media used in the continuous 
cultivation of A. ferrooxidans was improved for both electrochemical and biological 
performance. The medium contained 0.8 g/L (NH4)2SO4, 0.4 g/L K2HPO4, 23.3 g/L 
MgSO4×7H2O, 15.4 g/L Mg3(C6H5O7)2×9H2O, 5 mL/L MD-TMSTM trace mineral solution 
(ATCC), 50 mM citrate and 40 g/L FeSO4×7H2O. The pH of the media was adjusted to 2.2 using 
concentrated sulfuric acid. The medium was sterilized with 0.2 µm filters (Thermo Fisher 
Scientific, Waltham, MA).  
The bioreactor consisted of a 1 L bioprocess spinner flask (Chemglass Life Sciences, 
Vineland, NJ) with a 500 mL working volume and two side arms, which were fitted with 
stainless steel 3-port assemblies. Two 0.2 µm filters (Whatman, GE Healthcare, Piscataway, NJ) 
were used to maintain a sterile barrier for the air inlet and outlet. Medium was delivered and 
removed by a Masterflex L/S precision modular drive pump (Cole-Parmer, Vernon Hills, IL). 
The cell culture was agitated at 110 RPM with a stir bar, maintained at 30 °C using a Super-
Nova single-position digital stirring hotplate (Thermo Fisher Scientific, Waltham, MA).  
The bioreactor with fresh growth medium (500 mL) was inoculated with 1% v/v 
inoculum to reach an initial concentration of approximately 108 cells/mL and operated as a batch 
reactor for 1 day until 90% of the Fe2+ was oxidized. The bioreactor was then converted into a 
chemostat by pumping in and out culture media at 10 mL/h. The culture was aerated with air at 
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0.8 L/min (1.6 vvm). The Fe2+ concentration, pH, cell density and isobutyric acid concentration 
in the reactor were monitored on a daily basis. Steady state was assumed in the third residence 
time and thus steady state values were calculated by taking the average of the last two data 
measurements (day 6 and 7).  
 
Statistics. Analysis of Variance (ANOVA) was used to assess the significance of iron 
concentration, pH and the addition of citrate to the batch cultures.  A p-value less than 0.05 was 




Materials & Methods used in Chapter 3 
Bacteria Strains and Growth. All chemicals were purchased from Sigma Aldrich (St. Louis, 
MO) unless otherwise noted. A. ferrooxidans (ATCC 23270; ATCC, Manassas, VA) was 
maintained in a variant of ATCC 2039 media, AFM3 consisting of AFM basal salts (0.8 g/L 
(NH4)2SO4, 0.1 g/L HK2PO4, 2 g/L MgSO4, 5 mL trace mineral supplement (MD-TMS; ATCC), 
pH 1.8)  with 100 mM ferrous sulfate and 10 mM citrate (to avoid ferric iron precipitation (104)) 
at pH 1.8. Cells were cultured serially by inoculating fresh AFM3 medium with an initial OD600 
= 0.001. Cultures were allowed to grow until all ferrous iron was oxidized and then harvested by 
centrifugation at 6,000 x g for 5 min. As described below, A. ferrooxidans cells were also 
cultured in two elemental sulfur media variants of AFM3. The first (referred to as F2S media) 
contained sulfur and Fe(II) as energy sources (AFM basal salts with 100 mM ferrous sulfate, 10 
mM citrate, and 0.1 % (w/v) colloidal sulfur at pH 1.8). The second (referred to as F3S media) 
contained 100 mM ferric sulfate in place of the ferrous sulfate in F2S media. Cultures were 
inoculated to a final OD600 = 0.001 and allowed to grow until the pH decreased to pH 1.5 (about 
4-6 days), unless otherwise stated. Cells grown in sulfur media were harvested by a combination 
of low speed centrifugation (≤ 3,000 x g) and high speed (≥ 6,000 x g) steps. Before subsequent 
cell handling steps, cell pellets were washed with AFM basal salts.  
 
DNA manipulations. All enzymes were sourced from New England Biolabs (Ipswich, MA). All 
primers used in this study were obtained from IDT DNA (Coralville, IA) (Table S1). Briefly, 
DNA sequences of interest were amplified by standard PCR using Phusion DNA polymerase 
from genomic DNA isolated from wild type A. ferrooxidans using the Machery-Nagel 
NucleoBond Tissue and Cultured Cell Genomic DNA Prep Kit (Clontech, Mountain View, CA). 
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The superfolder GFP (sfGFP) expression plasmid AF-GFP contains an A. ferrooxidans codon-
optimized sfGFP driven by the tac promoter cloned into the broad host range plasmid pJRD215 
(116). PCR fragments were cloned in place of the tac promoter in AF-GFP using NheI and 
BamHI. Verified clones were conjugated into A. ferrooxidans as previously described (116). 
Strains were verified by PCR of whole cell extracts and then by recovery and sequencing of 
plasmid DNA. Promoterless GFP (rtGFP) was generated by excision of the tac promoter from 
AF-GFP and re-circularizing the resulting vector DNA fragment.  
 
Promoter Assays. For all assays, cells were maintained in AFM3 and freshly grown prior to 
each assay. They were thoroughly washed with AFM basal salts to remove any trace iron prior to 
beginning each assay. When called for, ferrous iron content was measured as previously 
described (116).  
Iron/sulfur expression assay. 10 mL of AFM3 or F3S were inoculated with 109 cells. 12 h later 
cells were harvested and analyzed either on a microplate reader or by flow cytometry.  
Basal expression assay. Cells strains were grown in 100 mL of AFM3 or F3S media to stationary 
phase (2-3 or 4-5 days respectively), and subcultured for three passages (representing about 35 
generations cumulatively). After each passage samples of cells were taken and analyzed by flow 
cytometry. 
Sulfur induction assay. 10 mL of AFM3, F2S media, and F3S media were inoculated with 108 
cells each.  12 h later, cells were harvested and analyzed by flow cytometry.  
Dose-response assay. 108 cells were added to 10 mL of F2S media diluted with AFM3 media as 
appropriate to achieve a range of sulfur concentrations from 1-1,000 mg/L. 12 h later, cells were 
harvested and analyzed by flow cytometry and ferrous iron content measured.  
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Microplate Reader. Harvested cells were washed thoroughly with AFM basal salts to remove 
all iron. The density of the cells adjusted to achieve OD600 = 1.0. Fifty µL of each strain was 
loaded into five wells of a 384 black well microplate (Corning, Corning, NY), with five wells of 
AFM basal salts as a blank. The fluorescence was measured using a SpectraMax M2 microplate 
reader (Molecular Devices, Sunnyvale, CA) exciting sfGFP with a 485 nm wavelength and 
measuring emissions at 510 nm with a 495 nm cutoff. For each strain, the averaged and blank-
subtracted fluorescence of the five wells was taken as the representative measurement. 
Replicates were averaged and reported with standard deviation of the mean. 
 
Flow cytometry. Harvested cells were washed thoroughly with AFM basal salts and then with 
2:2 basal salts pH 5.0. About 107 cells were added to 5 mL culture tubes with 1 mL 2:2 basal 
salts, 1 mL PBS pH 7.4, and 4 µL of SYTO 61 (Thermo Fisher Scientific, Waltham, MA). Cells 
were protected from light and incubated with SYTO 61 for 15 min. All flow cytometry 
experiments were conducted using a BD FACS Canto II (BD Biosciences, San Jose, CA). The 
PMT settings were identical for all experiments: FSC= 600 V, SSC= 250 V, FITC= 500 V 
(sfGFP)), APC= 400 V (SYTO 61). Thresholds for event detection were set as follows: FSC-A= 
500 RFU, SSC-A= 200 RFU, APC-A= 1,000 RFU such that all criteria must be true to register. 
50,000 events were collected without further bias and were analyzed in real-time using the BD 
FACS DIVA software. Post-run analysis and flow cytometry figures were prepared using FlowJo 
data analysis software (FlowJo LLC, Ashland, OR). To minimize bias while analyzing the flow 
cytometry data, all gates were set using the negative and positive controls from initial 
experiments and applied universally to all data, irrespective to small shifts in the distribution due 
	 137	
to run-to-run and assay-to-assay variability. Interval gates were applied to the histogram 
distributions of the FSC-A, SSC-A, APC-A, and FITC-A channels, as follows: 50-6,000 RFU, 
50-6,000 RFU, 5,000-275,000 (maximum) RFU, and 30-275,000 RFU, respectively (Fig. S1). 
These interval gates were combined with a Boolean AND function, and the resulting FITC-A 
distribution was taken as the population response (Fig. S2). The median fluorescence intensity 
(MFI) of this gated FITC-A distribution was chosen as a representative measure of the 
distribution. Replicates were averaged and the average MFI was reported with the standard 
deviation of the mean.  
 
Data Analyses. All statistical tests and graphs were done using Prism version 6 (GraphPad 
Software Inc., La Jolla, CA). Mean fluorescence values from the microplate reader or MFIs from 
flow cytometry from each trial were averaged and reported as mean and standard deviation. 
Unpaired, two-tailed t-test pairwise comparisons of each population were performed with 
significance defined as p < 0.05 assuming Gaussian distributions with unequal variance. One-
way ANOVA was applied when comparing Fe(II), Fe(II)+S, and Fe(III)+S conditions. Dose-
response data was fitted with a 4-parameter sigmodal log function with variable slope after data 
was log-transformed and normalized. Reported EC50 and IC50 values were calculated from the 
fitted dose-response curve.  
 
Promoter prediction and annotation. Published cycA1 intergenic sequences were retrieved 
from NCBI, AF220499 (43) from A. ferrooxidans ATCC strain 19859 and AJ438314 (44) from 
A. ferrooxidans ATCC strain 33020. Sequences were aligned using Clustal Omega (150) and 
annotated to reflect published accounts. To predict the promoter for tusA, the full sequence 
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consisting of the intergenic region between AFE_2558 and AFE_2557 (tusA) used in this study 
and the orf of tusA was submitted to several webserver promoter predicting algorithms provided 
by the prokaryotic BGDB (151), BacPP (152), BRPOM (153), and Virtual Footprint 3.0 (154). 
The sequence was annotated to reflect the consensus of these results. See SI for further details. 
The full sequences of these promoters are provided in the SI. 
 
Promoter Prediciton Methodology 
The combined tusA promoter and gene (AFE_2557) sequence was used as input for each 
promoter prediction algorithm. For BacPP, results were filterd to include only the those 
sequences present upstream of tusA cutting off sequences after the first 124 bases. For Virtual 
Footpring 3.0, results were first filtered to include only the sense strand. Then normalized to the 
highest rank returned by the algorithm. Sequences with normalized scores >95% were included. 
Both BDGP and BPROM gave only one result. After these initial results, the varying sequences 
were aligned using Clustal Omega (Fig. S7). The central core of the promoter was considered to 
be the longest continuous sequence of greatest alignment that still contained the majority of -35/-
10 sequences from BPROM and Virtual Footprint 3.0. Of all the sequences reported by the 
online algorithms only the high scoring -10 site from Virtual Footprint aligning to bases 11-17 
did not reside within the core region of the predicted promoter. This site was excluded.  
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Materials and Methods used in Chapter 4 
Bacteria Strains and Growth. All chemicals were purchased from Sigma Aldrich (St. Louis, 
MO) unless otherwise noted. A. ferrooxidans (ATCC 23270; ATCC, Manassas, VA) was 
maintained in a variant of ATCC 2039 media, AFM3 consisting of AFM basal salts (0.8 g/L 
(NH4)2SO4, 0.1 g/L HK2PO4, 2 g/L MgSO4, 5 mL trace mineral supplement (MD-TMS; ATCC), 
pH 1.8)  with 100 mM ferrous sulfate and 10 mM citrate (to avoid ferric iron precipitation (104)) 
at pH 1.8. Cells were cultured serially by inoculating fresh AFM3 medium with an initial OD600 
= 0.001. Cultures were allowed to grow until all ferrous iron was oxidized and then harvested by 
centrifugation at 6,000 x g for 5 min. As described below, A. ferrooxidans cells were also 
cultured in two elemental sulfur media variants of AFM3. The first (referred to as F2S media) 
contained sulfur and Fe(II) as energy sources (AFM basal salts with 100 mM ferrous sulfate, 10 
mM citrate, and 0.1 % (w/v) colloidal sulfur at pH 1.8). The second (referred to as F3S media) 
contained 100 mM ferric sulfate in place of the ferrous sulfate in F2S media. Cultures were 
inoculated to a final OD600 = 0.001 and allowed to grow until the pH decreased to pH 1.5 (about 
4-6 days), unless otherwise stated. Cells grown in sulfur media were harvested by a combination 
of low speed centrifugation (≤ 3,000 x g) and high speed (≥ 6,000 x g) steps. Before subsequent 
cell handling steps, cell pellets were washed with AFM basal salts.  
 
DNA manipulations. All enzymes were sourced from New England Biolabs (Ipswich, MA). All 
primers used in this study were obtained from IDT DNA (Coralville, IA) (Table S1). Briefly, 
pTF-FC2 was kindly provided by R.A Dorrington. The streptomycin resistance cassette was PCR 
amplified from pJRD215 and cloned into SfiI (5’) and NdeI (3’) sites leaving an extra NdeI site 
at the 3’ end. The GFP operon was amplified from AF-GFP and cloned into NdeI sites. 
	 140	
Superfolder CFP and YFP variants were orderd as gBlock fragments from IDT DNA and cloned 
into the respective plasmids using available BamHI and ClaI sites. Verified clones were 
conjugated into A. ferrooxidans as previously described (116). Strains were verified by PCR of 
whole cell extracts and then by recovery and sequencing of plasmid DNA. Promoterless GFP 
(rtGFP) was generated by excision of the tac promoter from AF-GFP and re-circularizing the 
resulting vector DNA fragment.  
 
Flow cytometry. Harvested cells were washed thoroughly with AFM basal salts and then with 
2:2 basal salts pH 5.0. About 107 cells were added to 5 mL culture tubes with 1 mL 2:2 basal 
salts, 1 mL PBS pH 7.4, and 4 µL of SYTO 61 (Thermo Fisher Scientific, Waltham, MA). Cells 
were protected from light and incubated with SYTO 61 for 15 min. All flow cytometry 
experiments were conducted using a BD FACS Canto II (BD Biosciences, San Jose, CA). The 
PMT settings were identical for all experiments: FSC= 600 V, SSC= 250 V, FITC= 500 V 
(sfGFP)), APC= 400 V (SYTO 61). Thresholds for event detection were set as follows: FSC-A= 
500 RFU, SSC-A= 200 RFU, APC-A= 1,000 RFU such that all criteria must be true to register. 
50,000 events were collected without further bias and were analyzed in real-time using the BD 
FACS DIVA software. Post-run analysis and flow cytometry figures were prepared using FlowJo 
data analysis software (FlowJo LLC, Ashland, OR). To minimize bias while analyzing the flow 
cytometry data, all gates were set using the negative and positive controls from initial 
experiments and applied universally to all data, irrespective to small shifts in the distribution due 
to run-to-run and assay-to-assay variability. Interval gates were applied to the histogram 
distributions of the FSC-A, SSC-A, APC-A, and FITC-A channels, as follows: 50-6,000 RFU, 
50-6,000 RFU, 5,000-275,000 (maximum) RFU, and 30-275,000 RFU, respectively (Fig. S1). 
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These interval gates were combined with a Boolean AND function, and the resulting FITC-A 
distribution was taken as the population response (Fig. S2). The median fluorescence intensity 
(MFI) of this gated FITC-A distribution was chosen as a representative measure of the 
distribution. Replicates were averaged and the average MFI was reported with the standard 
deviation of the mean, unless otherwise noted.  
 
Confocal microscopy.  Freshly grown AF-GFP cells were harvested and washed 3X with basal 
salt solution and resuspended in water. Approximately 10 µL of this suspension representing 
~106 cells was spotted onto a plain, clear glass microscope slide (Thermo Fisher Scientific 
Waltham, MA) and covered with a No. 1 glass coverslip (Thermo Fisher Scientific), and 
immediately viewed with using an Olympus FV1000 confocal microscope (Olympus, Center 
Valley, PA) with 60X oil objective. Once cells were identified, they were imaged at 10X digital 
zoom using 405 nm (CFP) or 488 (YFP) nm laser lines for excitation with 440/40 (CFP) and 
530/15 (YFP) bandpass filters for emission.  
 
GC/MS for product identification and quantification. Characterization of extracellular 
isobtuyric acid was carried out using a Shidmadzu GCMS-QP2010 Ultra GC/MS system. 1 mL 
samples were removed from cultures and centrifuged to remove any debris. The samples were 
injected to the GC/MS apparatus directly. The samples were analyzed using Zebron ZB-WAX 
plus column (length: 30 m, I.D.: 0.25 mm, film thickness: 0.25 µm) with the following method: 8 
µL samples were injected on split mode at a ratio of 1:10 with oven temperature held at 40 °C for 
2 min (inlet temperature held at 200 °C). The temperature was ramped up to 200 °C at a rate of 
20 °C/min and held at 200 °C for 2 min. The flow rate of the helium carrier gas was 1.5 mL/min. 
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For qualitative analysis, the MS quadrapole scanned from 20 m/z to 150 m/z, and isobutyric acid 
peak was identified at 6.5 min by comparing fragment patterns and retention times of product 
peaks with standard reference solutions. Negative controls were performed using wild type cell 
cultures following the same method. Quantitative analysis of isobutyric acid was carried out by 
making a calibration curve (0.2 ppm, 0.5 ppm, 1 ppm and 2 ppm), with a standard solution in 
water using same method but with a SIM (Selective Ion Monitoring) mode looking at 6.0 min to 









 A. ferrooxidans is an important industrial organism and model species for life on early 
Earth (23). It is a critical member of microbial consortia responsible for the production of 20% of 
global copper supply (24). While the species has been the subject of much inquiry since its 
original isolation in 1947 (21), the tools and methods to study and develop this species are 
relatively under-developed. The first description of DNA transfer occurred only about 20 years 
ago (68), and the methods necessary to manipulate the organism have been slow to develop only 
leading to plasmid-based overexpression five years ago(73).  
 A. ferrooxidans derives all its metabolic energy needs from the direct oxidation of 
inorganic sources, including ferrous iron, sulfur, sulfides, formate, and hydrogen (23, 32). Using 
a strong proton motive force formed by the acidic environment in which it thrives, it utilizes 
electrons derived from these inorganic sources to form ATP and reducing equivalents. While its 
energy metabolism is unique, its carbon metabolism follows more canonical routes. CO2 is fixed 
through a classic CBB cycle and the formation of biochemicals follows typical pathways found 
in most other bacteria. These features make A. ferrooxidans an attractive organism to engineer 
for the development of alternative platforms for bio-based fuesl and chemicals. However, the 
current state of genetic tools and techniques is quite limiting.  
 In this work, exogenous pathways were expressed in A. ferrooxidans for the first time and 
the capacity of this organism for bioproduction of fuels and chemicals has been demonstrated 
(116). Initial results show that A. ferrooxidans metabolism may provide a more efficient route for 
converting CO2 to chemicals than more traditional photosynthetic biofuels (Chapter 2).  The 
repertoire of genetic tools was expanded with the identification of endogenous promoters that 
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may allow control of gene expression in this species for the first time and demonstrating 
techniques that may facilitate future promoter mining (Chapter 3) (137). An additional plasmid 
providing expanded opportunities for expression of additional pathways and the development of 
more sophisticated genetic techniques was developed (Chapter 4). Importantly, new media and 
growth conditions that allow for robust and reproducible growth were established as well as the 
development of the first selective liquid media (Chapter 4). Finally, building on the insights 
provided by new media development, alternative solid media was established that significantly 
increases the speed and efficacy of DNA transfer methods in the species.  
 In all, this work significantly contributes to the development of this model organism by 
providing new tools and methods for future study and engineering, and provides the fundamental 
proof of concept that A. ferrooxidans offers an efficient, alternative route for the bioconversion 







1. Naik SN, Goud VV, Rout PK, Dalai AK (2010) Production of first and second 
generation biofuels: a comprehensive review. Renewable and Sustainable Energy 
Reviews 14(2):578–597. 
2. Conrado RJ, Haynes CA, Haendler BE, Toone EJ (2012) Electrofuels: A New Paradigm 
for Renewable Fuels. Advanced Biofuels and Bioproducts, ed Lee JW (Springer New 
York, New York, NY), pp 1037–1064. 
3. Atsumi S, Higashide W, Liao JC (2009) Direct photosynthetic recycling of carbon 
dioxide to isobutyraldehyde. Nature Biotechnology 27(12):1177–1180. 
4. Dismukes GC, Carrieri D, Bennette N, Ananyev GM, Posewitz MC (2008) Aquatic 
phototrophs: efficient alternatives to land-based crops for biofuels. Curr Opin 
Biotechnol 19(3):235–240. 
5. Singh A, Nigam PS, Murphy JD (2011) Renewable fuels from algae: An answer to 
debatable land based fuels. Bioresource Technology 102(1):10–16. 
6. Rosgaard L, de Porcellinis AJ, Jacobsen JH, Frigaard N-U, Sakuragi Y (2012) 
Bioengineering of carbon fixation, biofuels, and biochemicals in cyanobacteria and 
plants. J Biotechnol 162(1):134–147. 
7. Connor MR, Liao JC (2009) Microbial production of advanced transportation fuels in 
non-natural hosts. Curr Opin Biotechnol 20(3):307–315. 
8. Zhu X-G, Long SP, Ort DR (2008) What is the maximum efficiency with which 
photosynthesis can convert solar energy into biomass? Current Opinion in 
Biotechnology 19(2):153–159. 
9. Larkum AWD (2010) Limitations and prospects of natural photosynthesis for bioenergy 
production. Curr Opin Biotechnol 21(3):271–276. 
10. Park JM, Kim TY, Lee SY (2011) Genome-scale reconstruction and in silico analysis of 
the Ralstonia eutropha H16 for polyhydroxyalkanoate synthesis, lithoautotrophic 
growth, and 2-methyl citric acid production. BMC Systems Biology 2010 4:35 5:101. 
11. Pandit AV, Pandit A, Mahadevan R (2011) An in silico Characterization of Microbial 
Electrosynthesis for Metabolic Engineering of Biochemicals. Microbial Cell Factories. 
12. Bharti RK, Srivastava S, Thakur IS (2014) Production and characterization of biodiesel 
from carbon dioxide concentrating chemolithotrophic bacteria, Serratia sp. ISTD04. 
Bioresour Technol 153:189–197. 
	 146	
13. Lovley DR (2012) Electromicrobiology. Annu Rev Microbiol 66(1):391–409. 
14. Hawkins AS, McTernan PM, Lian H, Kelly RM, Adams MWW (2013) Biological 
conversion of carbon dioxide and hydrogen into liquid fuels and industrial chemicals. 
Curr Opin Biotechnol 24(3):376–384. 
15. Rabaey K, Rozendal RA (2010) Microbial electrosynthesis — revisiting the electrical 
route for microbial production. Nat Rev Microbiol 8(10):706–716. 
16. Berg IA, et al. (2010) Autotrophic carbon fixation in archaea. Nat Rev Microbiol 
8(6):447–460. 
17. Hügler M, Sievert SM (2011) Beyond the Calvin cycle: autotrophic carbon fixation in 
the ocean. Ann Rev Mar Sci 3:261–289. 
18. Boyle NR, Morgan JA (2011) Computation of metabolic fluxes and efficiencies for 
biological carbon dioxide fixation. Metabolic Engineering 13(2):150–158. 
19. Nevin KP, et al. (2011) Electrosynthesis of organic compounds from carbon dioxide is 
catalyzed by a diversity of acetogenic microorganisms. Appl Environ Microbiol 
77(9):2882–2886. 
20. Lovley DR, Nevin KP (2013) Electrobiocommodities: powering microbial production of 
fuels and commodity chemicals from carbon dioxide with electricity. Current Opinion in 
Biotechnology. 
21. Colmer AR, Hinkle ME (1947) The Role of Microorganisms in Acid Mine Drainage: A 
Preliminary Report. Science 106(2751):253–256. 
22. Johnson DB (2010) The Biogeochemistry of Biomining. Geomicrobiology: Molecular 
and Environmental Perspective (Springer Netherlands, Dordrecht), pp 401–426. 
23. Valdés J, et al. (2008) Acidithiobacillus ferrooxidans metabolism: from genome 
sequence to industrial applications. BMC Genomics 2008 9:597 9(1):597. 
24. Schippers A, et al. (2014) Biomining: metal recovery from ores with microorganisms. 
Adv Biochem Eng Biotechnol 141:1–47. 
25. Ilbert M, Bonnefoy V (2013) Insight into the evolution of the iron oxidation pathways. 
Biochim Biophys Acta 1827(2):161–175. 
26. Ingledew WJ, Cox JC, Halling PJ (1977) A proposed mechanism for energy 
conservation during Fe2+ oxidation by Thiobacillus ferro-oxidans: Chemiosmotic 
coupling to net H+ influx. FEMS Microbiology Letters 2(4):193–197. 
27. Cox JC, Nicholls DG, Ingledew WJ (1979) Transmembrane electrical potential and 
transmembrane pH gradient in the acidophile Thiobacillus ferro-oxidans. Biochemical 
Journal 178(1):195–200. 
	 147	
28. Ingledew WJ (1982) Thiobacillus Ferrooxidans the bioenergetics of an acidophilic 
chemolithotroph. Biochimica et Biophysica Acta (BBA) - Reviews on Bioenergetics 
683(2):89–117. 
29. Baker-Austin C, Dopson M (2007) Life in acid: pH homeostasis in acidophiles. Trends 
Microbiol 15(4):165–171. 
30. Bird LJ, Bonnefoy V, Newman DK (2011) Bioenergetic challenges of microbial iron 
metabolisms. Trends Microbiol 19(7):330–340. 
31. Elbehti A, Brasseur G, Lemesle-Meunier D (2000) First Evidence for Existence of an 
Uphill Electron Transfer through the bc1 and NADH-Q Oxidoreductase Complexes of 
the Acidophilic Obligate Chemolithotrophic Ferrous Ion-Oxidizing Bacterium 
Thiobacillus ferrooxidans. The Journal of Bacteriology 182(12):3602. 
32. Quatrini R, et al. (2009) Extending the models for iron and sulfur oxidation in the 
extreme acidophile Acidithiobacillus ferrooxidans. BMC Genomics 2008 9:597 
10(1):394. 
33. Blaylock BA, Nason A (1963) Electron transport systems of the chemoautotroph 
Ferrobacillus ferrooxidans. I. Cytochrome c-containing iron oxidase. J Biol Chem 
238:3453–3462. 
34. Fukumori Y, Yano T, Sato A, Yamanaka T (1988) Fe (II)-oxidizing enzyme purified 
from Thiobacillus ferrooxidans. FEMS Microbiol Lett 50:169–172. 
35. Yamanaka T, Fukumori Y (1995) Molecular aspects of the electron transfer system 
which participates in the oxidation of ferrous ion by Thiobacillus ferrooxidans. FEMS 
Microbiol Rev 17(4):401–413. 
36. Bengrine A, et al. (1998) Sequence and expression of the rusticyanin structural gene 
from Thiobacillus ferrooxidans ATCC33020 strain. Biochim Biophys Acta 1443(1-
2):99–112. 
37. Yarzábal A, Brasseur G, Bonnefoy V (2002) Cytochromes c of Acidithiobacillus 
ferrooxidans. FEMS Microbiology Letters 209(2):189–195. 
38. Yarzábal A, et al. (2002) The high-molecular-weight cytochrome c Cyc2 of 
Acidithiobacillus ferrooxidans is an outer membrane protein. The Journal of 
Bacteriology 184(1):313–317. 
39. Castelle C, et al. (2008) A New Iron-oxidizing/O2-reducing Supercomplex Spanning 
Both Inner and Outer Membranes, Isolated from the Extreme Acidophile 
Acidithiobacillus ferrooxidans. J Biol Chem 283(38):25803–25811. 
40. Corinne Appia-Ayme NGJR, Appia-Ayme C, Bonnefoy V, Guiliani N, Ratouchniak J 
(1999) Characterization of an Operon Encoding Two c-Type Cytochromes, an aa3-Type 
Cytochrome Oxidase, and Rusticyanin in Thiobacillus ferrooxidans ATCC 33020. 
	 148	
Applied and Environmental Microbiology 65(11):4781. 
41. Appia-Ayme C, et al. (1998) Characterization and expression of the co-transcribed cyc1 
and cyc2 genes encoding the cytochrome c4 (c552) and a high-molecular-mass 
cytochrome cfrom Thiobacillus ferrooxidans ATCC 33020. FEMS Microbiol Lett 
167:171–177. 
42. Tamegai H, Kai M, Fukumori Y, Yamanaka T (1994) Two membrane-bound c-type 
cytochromes of Thiobacillus ferrooxidans: Purification and properties. FEMS Microbiol 
Lett 119(1-2):147–153. 
43. Levicán G, et al. (2002) Characterization of the petI and res operons of Acidithiobacillus 
ferrooxidans. The Journal of Bacteriology 184(5):1498–1501. 
44. Bruscella P, et al. (2007) Differential expression of two bc1 complexes in the strict 
acidophilic chemolithoautotrophic bacterium Acidithiobacillus ferrooxidans suggests a 
model for their respective roles in iron or sulfur oxidation. Microbiology (Reading, Engl) 
153(Pt 1):102–110. 
45. Elbehti A, Nitschke W, Tron P, Michel C, Lemesle-Meunier D (1999) Redox 
components of cytochrome bc-type enzymes in acidophilic prokaryotes. I. 
Characterization of the cytochrome bc1-type complex of the acidophilic ferrous ion-
oxidizing bacterium Thiobacillus ferrooxidans. J Biol Chem 274(24):16760–16765. 
46. Cramer WA, Knaff DB (1990) Energy Transduction in Biological Membranes (Springer 
New York, New York, NY) doi:10.1007/978-1-4612-3220-9. 
47. Dahl C, Friedrich CG eds. (2008) Microbial Sulfur Metabolism (Springer Berlin 
Heidelberg, Berlin, Heidelberg) doi:10.1007/978-3-540-72682-1. 
48. Barrie Johnson D, Hallberg KB (2008) Carbon, Iron and Sulfur Metabolism in 
Acidophilic Micro-Organisms. Advances in Microbial Physiology, Advances in 
Microbial Physiology. (Elsevier), pp 201–255. 
49. Jiang L, Zhou H, Peng X (2007) Bio-oxidation of pyrite, chalcopyrite and pyrrhotite by 
Acidithiobacillus ferrooxidans. Chinese Science Bulletin 52(19):2702–2714. 
50. Rawlings DE, Johnson DB (2007) Biomining (Springer Science & Business Media, 
Heidelberg) Available at: http://link.springer.com/book/10.1007/978-3-540-34911-2. 
51. Rohwerder T, Gehrke T, Kinzler K, Sand W (2003) Bioleaching review part A: progress 
in bioleaching: fundamentals and mechanisms of bacterial metal sulfide oxidation. 
Applied microbiology and biotechnology 63(3):239–248. 
52. Sand W, Gehrke T, Jozsa P-G, Schippers A (2001) (Bio)chemistry of bacterial 
leaching—direct vs. indirect bioleaching. Hydrometallurgy 59(2):159–175. 
53. Gale NL, Beck JV (1967) Evidence for the Calvin cycle and hexose monophosphate 
	 149	
pathway in Thiobacillus ferrooxidans. The Journal of Bacteriology 94(4):1052–1059. 
54. Matin A, Rittenberg SC (1971) Enzymes of carbohydrate metabolism in Thiobacillus 
species. The Journal of Bacteriology 107(1):179–186. 
55. Silver M, Margalith P, Lundgren DG (1967) Effect of glucose on carbon dioxide 
assimilation and substrate oxidation by Ferrobacillus ferrooxidans. The Journal of 
Bacteriology 93(6):1765–1769. 
56. Smith AJ, London J, Stanier RY (1967) Biochemical basis of obligate autotrophy in 
blue-green algae and thiobacilli. The Journal of Bacteriology 94(4):972–983. 
57. Hold C, Andrews B, Asenjo J (2009) A stoichiometric model of Acidithiobacillus 
ferrooxidans ATCC 23270 for metabolic flux analysis. Biotechnol Bioeng 102(5):1448–
1459. 
58. Appia-Ayme C, et al. (2006) Microarray and bioinformatic analyses suggest models for 
carbon metabolism in the autotroph Acidithiobacillus ferrooxidans. Hydrometallurgy 
83(1):273–280. 
59. Esparza M, Bowien B, Jedlicki E, Holmes DS (2009) Gene Organization and CO2-
Responsive Expression of Four cbb Operons in the Biomining Bacterium 
Acidithiobacillus Ferrooxidans. AMR 71-73:207–210. 
60. Esparza M, Cárdenas J, Bowien B, Jedlicki E, Holmes D (2010) Genes and pathways for 
CO2 fixation in the obligate, chemolithoautotrophic acidophile, Acidithiobacillus 
ferrooxidans, Carbon fixation in A. ferrooxidans. BMC Microbiology 2010 10:229 
10(1):229. 
61. Rawlings DE, Kusano T (1994) Molecular genetics of Thiobacillus ferrooxidans. 
Microbiol Rev 58(1):39–55. 
62. Rawlings D (2001) The molecular genetics of Thiobacillus ferrooxidans and other 
mesophilic, acidophilic, chemolithotrophic, iron- or sulfur-oxidizing bacteria. 
Hydrometallurgy 59(2-3):187–201. 
63. Gardner MN, Deane SM, Rawlings DE (2001) Isolation of a New Broad-Host-Range 
IncQ-Like Plasmid, pTC-F14,  from the Acidophilic Bacterium Acidithiobacillus caldus 
and Analysis of the Plasmid Replicon. J Bacteriol 183(11):3303. 
64. Simon R, Priefer U, Pühler A (1983) A broad host range mobilization system for in vivo 
genetic engineering: transposon mutagenesis in gram negative bacteria. Nature 
Biotechnology:784–791. 
65. Rawlings DE, Woods DR (1985) Mobilization of Thiobacillus ferrooxidans plasmids 
among Escherichia coli strains. Appl Environ Microbiol 49(5):1323–1325. 
66. Jin SM, Yan WM, Wang ZN (1992) Transfer of IncP Plasmids to Extremely Acidophilic 
	 150	
Thiobacillus thiooxidans. Applied and Environmental Microbiology 58(1):429–430. 
67. Peng J-B, Yan W-M, Bao X-Z (1994) Solid Medium for the Genetic Manipulation of 
Thiobacillus Ferrooxidans. Journal of General and Applied Microbiology 40(3):243–
253. 
68. Peng J, Yan W, Bao X (1994) Plasmid and transposon transfer to Thiobacillus 
ferrooxidans. The Journal of Bacteriology 176(10):2892. 
69. Davison J, Heusterspreute M, Chevalier N, Ha-Thi V, Brunel F (1987) Vectors with 
restriction site banks. V. pJRD215, a wide-host-range cosmid vector with multiple 
cloning sites. Gene 51(2-3):275–280. 
70. Ji-Bin Peng W-MY, Bao X-Z (1994) Expression of Heterogenous Arsenic Resistance 
Genes in the Obligately Autotrophic Biomining Bacterium Thiobacillus ferrooxidans. 
Applied and Environmental Microbiology 60(7):2653. 
71. Liu Z, Borne F, Ratouchniak J, Bonnefoy V (2001) Genetic transfer of IncP, IncQ, IncW 
plasmids to four Thiobacillus ferrooxidans strains by conjugation. Hydrometallurgy 
59:39–49. 
72. Liu Z, et al. (2000) Construction and Characterization of a recA Mutant of Thiobacillus 
ferrooxidans by Marker Exchange Mutagenesis. The Journal of Bacteriology 
182(8):2269. 
73. Liu W, et al. (2011) Overexpression of rusticyanin in Acidithiobacillus ferrooxidans 
ATCC19859 increased Fe(II) oxidation activity. Current Microbiology 62(1):320–324. 
74. Liu W, et al. (2013) Increases of ferrous iron oxidation activity and arsenic stressed cell 
growth by overexpression of Cyc2 in Acidithiobacillus ferrooxidansATCC19859. 
Biotechnology and Applied Biochemistry 60(6):623–628. 
75. Wang H, Fang L, Wen Q, Lin J, Liu X (2017) Application of β-glucuronidase (GusA) as 
an effective reporter for extremely acidophilic Acidithiobacillus ferrooxidans. Appl 
Microbiol Biotechnol 101:3283–3294. 
76. Wang H, et al. (2012) Development of a markerless gene replacement system for 
Acidithiobacillus ferrooxidans and construction of a pfkB mutant. Applied and 
Environmental Microbiology 78(6):1826–1835. 
77. Yu Y, Liu X, Wang H, Li X, Lin J (2014) Construction and Characterization of tetH 
Overexpression and Knockout Strains of Acidithiobacillus ferrooxidans. The Journal of 
Bacteriology 196(12):2255–2264. 
78. Birge EA (2006) Plasmid Molecular Biology. Bacterial and Bacteriophage Genetics. 
doi:10.1007/0-387-31489-X_13. 
79. Feinbaum R (2001) Introduction to plasmid biology. Current Protocols in Molecular 
	 151	
Biology. doi:10.1002/0471142727.mb0105s41/abstract. 
80. Srivastava S (2013) Plasmids: Their Biology and Functions. Genetics of Bacteria 
(Springer India, India), pp 125–151. 
81. Thomas CM, Nielsen KM (2005) Mechanisms of, and Barriers to, Horizontal Gene 
Transfer between Bacteria. Nat Rev Microbiol 3(9):711–721. 
82. Gasson MJ, Shearman CA (2003) Plasmid Biology, Conjugation, and Transposition. 
Genetics of Lactic Acid Bacteria (Springer US, Boston, MA), pp 25–44. 
83. Meyer R (2009) Replication and conjugative mobilization of broad host-range IncQ 
plasmids. Plasmid 62(2):57–70. 
84. Barth PT, Grinter NJ (1974) Comparison of the deoxyribonucleic acid molecular 
weights and homologies of plasmids conferring linked resistance to streptomycin and 
sulfonamides. The Journal of Bacteriology 120(2):618–630. 
85. Guerry P, van Embden J, Falkow S (1974) Molecular nature of two nonconjugative 
plasmids carrying drug resistance genes. The Journal of Bacteriology 117(2):619–630. 
86. Loftie-Eaton W, Rawlings DE (2012) Diversity, biology and evolution of IncQ-family 
plasmids. Plasmid 67(1):15–34. 
87. Frey J, Bagdasarian MM, Bagdasarian M (1992) Replication and copy number control of 
the broad-host-range plasmid RSF1010. Gene 113(1):101–106. 
88. Jain A, Srivastava P (2013) Broad host range plasmids. FEMS Microbiol Lett 348(2):87–
96. 
89. Rawlings DE, Tietze E (2001) Comparative Biology of IncQ and IncQ-Like Plasmids. 
Microbiol Mol Biol Rev 65(4):481–496. 
90. Scherzinger E, Haring V, Lurz R, Otto S (1991) Plasmid RSF1010 DNA replication in 
vitro promoted by purified RSF1010 RepA, RepB and RepC proteins. Nucleic Acids Res 
19(6):1203–1211. 
91. Bagdasarian M, et al. (1981) Specific-purpose plasmid cloning vectors. II. Broad host 
range, high copy number, RSF1010-derived vectors, and a host-vector system for gene 
cloning in Pseudomonas. Gene 16(1-3):237–247. 
92. Del Solar G, Giraldo R, Ruiz-Echevarría MJ, Espinosa M, Díaz-Orejas R (1998) 
Replication and control of circular bacterial plasmids. Microbiol Mol Biol Rev 
62(2):434–464. 
93. Liu X, et al. (2007) Construction of conjugative gene transfer system between E. coli 
and moderately thermophilic, extremely acidophilic Acidithiobacillus caldus MTH-04. J 
Microbiol Biotechnol 17(1):162–167. 
	 152	
94. Chen L, Lin J, Li B, Lin J, Liu X (2010) Method development for electrotransformation 
of Acidithiobacillus caldus. J Microbiol Biotechnol 20(1):39–44. 
95. Rawlings DE (2005) The evolution of pTF-FC2 and pTC-F14, two related plasmids of 
the IncQ-family. Plasmid 53(2):137–147. 
96. Silverman MP, Lundgren DG (1959) Studies on the chemoautotrophic iron bacterium 
Ferrobacillus ferrooxidans. I. An improved medium and a harvesting procedure for 
securing high cell yields. The Journal of Bacteriology 77(5):642–647. 
97. Quatrini R, et al. (2006) Insights into the iron and sulfur energetic metabolism of 
Acidithiobacillus ferrooxidans by microarray transcriptome profiling. Hydrometallurgy 
83(1):263–272. 
98. Li H, et al. (2012) Integrated electromicrobial conversion of CO2 to higher alcohols. 
Science 335(6076):1596. 
99. Khunjar WO, Sahin A, West AC, Chandran K, Banta S (2012) Biomass Production from 
Electricity Using Ammonia as an Electron Carrier in a Reverse Microbial Fuel Cell. 
PLoS ONE 7(9):e44846. 
100. Rawlings DE (2002) Heavy metal mining using microbes. Annu Rev Microbiol 
56(1):65–91. 
101. Carbajosa S, et al. (2010) Electrochemical growth of Acidithiobacillus ferrooxidans on a 
graphite electrode for obtaining a biocathode for direct electrocatalytic reduction of 
oxygen. Biosensors and Bioelectronics 26(2):877–880. 
102. Matsumoto N, Nakasono S, Ohmura N, Saiki H (1999) Extension of logarithmic growth 
of Thiobacillus ferrooxidans by potential controlled electrochemical reduction of Fe(III). 
Biotechnol Bioeng 64(6):716–721. 
103. Hubner K (1991) Growth of thiobacillus ferrooxidans under electrochemical reduction 
of inorganic energy source used. Acta Biotechnol 11(4):345–352. 
104. Li X, Mercado R, Kernan T, West AC, Banta S (2014) Addition of citrate to 
Acidithiobacillus ferrooxidans cultures enables precipitate-free growth at elevated pH 
and reduces ferric inhibition. Biotechnol Bioeng 111(10):1940–1948. 
105. Li X, Mercado R, Berlinger S, Banta S, West AC (2014) Engineering Acidithiobacillus 
ferrooxidans growth media for enhanced electrochemical processing. AIChE Journal 
60(12):4008–4013. 
106. Johnson DB, Johnson DB, Macvicar JH, Rolfe S (1987) A new solid medium for the 
isolation and enumeration of Thiobacillus ferrooxidans and acidophilic heterotrophic 
bacteria. 
107. Johnson D (1995) Selective solid media for isolating and enumerating acidophilic 
	 153	
bacteria. Journal of Microbiological Methods 23(2):205–218. 
108. Pédelacq J-D, Cabantous S, Tran T, Terwilliger TC, Waldo GS (2006) Engineering and 
characterization of a superfolder green fluorescent protein. Nat Biotechnol 24(1):79–88. 
109. Schirmer A, Rude MA, Li X, Popova E, Del Cardayre SB (2010) Microbial biosynthesis 
of alkanes. Science 329(5991):559–562. 
110. Bolm C, Legros J, Le Paih J, Zani L (2004) Iron-Catalyzed Reactions in Organic 
Synthesis. Chem Rev 104(12):6217–6254. 
111. Emig G, Haeberle T, Höss W, Watzenberger O (1988) Kinetic analysis of the oxidation 
of isobutyraldehyde in liquid phase. Chem Eng Technol 11(1):120–126. 
112. Lan EI, Liao JC (2012) ATP drives direct photosynthetic production of 1-butanol in 
cyanobacteria. Proc Natl Acad Sci U S A 109(16):6018–6023. 
113. Kawabe Y, Inoue C, Suto K, Chida T (2003) Inhibitory effect of high concentrations of 
ferric ions on the activity ofAcidithiobacillus ferrooxidans. Journal of Bioscience and 
Bioengineering 96(4):375–379. 
114. Shen Y, Wang Y, Bao X, Qu Y (2003) [Progress in the pathway engineering of ethanol 
fermentation from xylose utilising recombinant Saccharomyces cerevisiae]. Sheng Wu 
Gong Cheng Xue Bao 19(5):636–640. 
115. Sillers R, Chow A, Tracy B, Papoutsakis ET (2008) Metabolic engineering of the non-
sporulating, non-solventogenic Clostridium acetobutylicum strain M5 to produce 
butanol without acetone demonstrate the robustness of the acid-formation pathways and 
the importance of the electron balance. Metab Eng 10(6):321–332. 
116. Kernan T, et al. (2016) Engineering the iron-oxidizing chemolithoautotroph 
Acidithiobacillus ferrooxidans for biochemical production. Biotechnol Bioeng 
113(1):189–197. 
117. Beck JV (1960) A ferrous-ion-oxidizing bacterium. I. Isolation and some general 
physiological characteristics. The Journal of Bacteriology 79:502–509. 
118. Yarzábal A, Duquesne K, Bonnefoy V (2003) Rusticyanin gene expression of 
Acidithiobacillus ferrooxidans ATCC 33020 in sulfur- and in ferrous iron media. 
Hydrometallurgy 71(1-2):107–114. 
119. Ouyang J, Liu Q, Li B, Ao J, Chen X (2013) Proteomic Analysis of Differential Protein 
Expression in Acidithiobacillus ferrooxidans Grown on Ferrous Iron or Elemental 
Sulfur. Indian J Microbiol 53(1):56–62. 
120. Kucera J, et al. (2013) Ferrous iron oxidation by sulfur-oxidizing Acidithiobacillus 
ferrooxidans and analysis of the process at the levels of transcription and protein 
synthesis. Antonie Van Leeuwenhoek 103(4):905–919. 
	 154	
121. Ramírez P, Guiliani N, Valenzuela L, Beard S, Jerez CA (2004) Differential protein 
expression during growth of Acidithiobacillus ferrooxidans on ferrous iron, sulfur 
compounds, or metal sulfides. Appl Environ Microbiol 70(8):4491–4498. 
122. Gronenborn B (1976) Overproduction of phage Lambda repressor under control of the 
lac promotor of Escherichia coli. Mol Gen Genet 148(3):243–250. 
123. Amann E, Brosius J, Ptashne M (1983) Vectors bearing a hybrid trp-lac promoter useful 
for regulated expression of cloned genes in Escherichia coli. Gene 25(2-3):167–178. 
124. Bagdasarian MM, Amann E, Lurz R, Rückert B, Bagdasarian M (1983) Activity of the 
hybrid trp-lac (tac) promoter of Escherichia coli in Pseudomonas putida. Construction of 
broad-host-range, controlled-expression vectors. Gene 26(2-3):273–282. 
125. de Boer HA, Comstock LJ, Vasser M (1983) The tac promoter: a functional hybrid 
derived from the trp and lac promoters. Proc Natl Acad Sci USA 80(1):21–25. 
126. Guzman LM, Belin D, Carson MJ, Beckwith J (1995) Tight regulation, modulation, and 
high-level expression by vectors containing the arabinose PBAD promoter. The Journal 
of Bacteriology 177(14):4121–4130. 
127. Terpe K (2006) Overview of bacterial expression systems for heterologous protein 
production: from molecular and biochemical fundamentals to commercial systems. - 
PubMed - NCBI. Applied microbiology and biotechnology 72(2):211–222. 
128. Lutz R, Bujard H (1997) Independent and tight regulation of transcriptional units in 
Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements. 
Nucleic Acids Res 25(6):1203–1210. 
129. Ikeuchi Y, Shigi N, Kato J-I, Nishimura A, Suzuki T (2006) Mechanistic Insights into 
Sulfur Relay by Multiple Sulfur Mediators Involved in Thiouridine Biosynthesis at 
tRNA Wobble Positions. Mol Cell 21(1):97–108. 
130. Dahl C, et al. (2008) Structural and molecular genetic insight into a widespread sulfur 
oxidation pathway. J Mol Biol 384(5):1287–1300. 
131. Osorio H, et al. (2013) Anaerobic sulfur metabolism coupled to dissimilatory iron 
reduction in the extremophile Acidithiobacillus ferrooxidans. Appl Environ Microbiol 
79(7):2172–2181. 
132. Chen L, et al. (2012) Acidithiobacillus caldus Sulfur Oxidation Model Based on 
Transcriptome Analysis between the Wild Type and Sulfur Oxygenase Reductase 
Defective Mutant. PLoS ONE 7(9):e39470. 
133. Venceslau SS, Stockdreher Y, Dahl C, Pereira IAC (2014) The “bacterial 
heterodisulfide” DsrC is a key protein in dissimilatory sulfur metabolism. Biochimica et 
Biophysica Acta (BBA) - Bioenergetics 1837(7):1148–1164. 
	 155	
134. Shultzaberger RK, Chen Z, Lewis KA, Schneider TD (2007) Anatomy of Escherichia 
coli σ 70 promoters. Nucleic Acids Research 35(3):771–788. 
135. De Mey M, Maertens J, Lequeux GJ, Soetaert WK, Vandamme EJ (2007) Construction 
and model-based analysis of a promoter library for E. coli: an indispensable tool for 
metabolic engineering. BMC Biotechnol 7(1):34. 
136. Yarzábal A, Appia-Ayme C, Ratouchniak J, Bonnefoy V (2004) Regulation of the 
expression of the Acidithiobacillus ferrooxidans rus operon encoding two cytochromes 
c, a cytochrome oxidase and rusticyanin. Microbiology (Reading, Engl) 150(Pt 7):2113–
2123. 
137. Kernan T, West AC, Banta S (2016) Characterization of endogenous promoters for 
control of recombinant gene expression in Acidithiobacillus ferrooxidans. Biotechnology 
and Applied Biochemistry. doi:10.1002/bab.1546. 
138. Dorrington RA, Rawlings DE (1990) Characterization of the minimum replicon of the 
broad-host-range plasmid pTF-FC2 and similarity between pTF-FC2 and the IncQ 
plasmids. The Journal of Bacteriology 172(10):5697–5705. 
139. Rawlings D, Dorrington R, Rohrer J, Clennel A (1993) A molecular analysis of a broad-
host-range plasmid isolated from Thiobacillus ferrooxidans. FEMS Microbiology 
Reviews 11(1-3):3–7. 
140. Rohrer J, Rawlings DE (1992) Sequence analysis and characterization of the 
mobilization region of a broad-host-range plasmid, pTF-FC2, isolated from Thiobacillus 
ferrooxidans. The Journal of Bacteriology 174(19):6230–6237. 
141. Espejo RT, Escobar B, Jedlicki E, Uribe P, Badilla-Ohlbaum R (1988) Oxidation of 
ferrous iron and elemental sulfur by Thiobacillus ferrooxidans. Appl Environ Microbiol 
54(7):1694. 
142. Sugio T, Taha TM, Takeuchi F (2009) Ferrous Iron Production Mediated by 
Tetrathionate Hydrolase in Tetrathionate-, Sulfur-, and Iron-Grown <I>Acidithiobacillus 
ferrooxidans</I> ATCC 23270 Cells. Biosci Biotechnol Biochem 73(6):1381–1386. 
143. Sugio T, Taha TM, Kanao T, Takeuchi F (2007) Increase in Fe2+-producing activity 
during growth of Acidithiobacillus ferrooxidans ATCC23270 on sulfur. Biosci 
Biotechnol Biochem 71(11):2663–2669. 
144. Sugio T, Katagiri T, Inagaki K, Tano T (1989) Actual substrate for elemental sulfur 
oxidation by sulfur:ferric ion oxidoreductase purified from Thiobacillus ferrooxidans. 
Biochimica et Biophysica Acta (BBA) - Bioenergetics 973(2):250–256. 
145. Sugio T, Mizunashi W, Inagaki K, Tano T (1987) Purification and some properties of 
sulfur:ferric ion oxidoreductase from Thiobacillus ferrooxidans. Journal of Bacteriology. 
146. Sugio T, Wada K, Mori M, Inagaki K, Tano T (1988) Synthesis of an Iron-Oxidizing 
	 156	
System during Growth of Thiobacillus ferrooxidans on Sulfur-Basal Salts Medium. Appl 
Environ Microbiol 54(1):150–152. 
147. Taha TM, Kanao T, Takeuchi F, Sugio T (2007) Involvement of Iron Oxidation Enzyme 
System in Sulfur Oxidation of Acidithiobacillus ferrooxidans ATCC 23270. AMR 20-
21:443–446. 
148. Acar S, Brierley JA, Wan RY (2005) Conditions for bioleaching a covellite-bearing ore. 
Hydrometallurgy 77(3-4):239–246. 
149. López CM, Rholl DA, Trunck LA, Schweizer HP (2009) Versatile dual-technology 
system for markerless allele replacement in Burkholderia pseudomallei. Appl Environ 
Microbiol 75(20):6496–6503. 
150. Sievers F, et al. (2011) Fast, scalable generation of high-quality protein multiple 
sequence alignments using Clustal Omega. Molecular systems biology 7:539. 
151. Reese MG (2001) Application of a time-delay neural network to promoter annotation in 
the Drosophila melanogaster genome. Computers & Chemistry 26(1):51–56. 
152. de Avila e Silva S, Echeverrigaray S, Gerhardt GJL (2011) BacPP: Bacterial promoter 
prediction—A tool for accurate sigma-factor specific assignment in enterobacteria. 
Journal of Theoretical Biology 287:92–99. 
153. Solovyev V, Salamov A (2011) Automatic Annotation of Microbial Genomes and 
Metagenomic Sequences. Metagenomics and Its Applications in Agriculture, 
Biomedicine and Environmental Studies, ed Li RW (Hauppauge, NY), pp 61–78. 
154. Münch R, et al. (2003) PRODORIC: prokaryotic database of gene regulation. Nucleic 
Acids Research 31(1):266–269. 
 
